Soil health and root-influenced biochemical dynamics in conventional and integrated livestock systems in central Iowa by Baldwin-Kordick, Rebecca Ann
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2019
Soil health and root-influenced biochemical
dynamics in conventional and integrated livestock
systems in central Iowa
Rebecca Ann Baldwin-Kordick
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, Environmental Health and Protection Commons, and the Soil
Science Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Baldwin-Kordick, Rebecca Ann, "Soil health and root-influenced biochemical dynamics in conventional and integrated livestock
systems in central Iowa" (2019). Graduate Theses and Dissertations. 16969.
https://lib.dr.iastate.edu/etd/16969
Soil health and root-influenced biochemical dynamics
in conventional and integrated livestock systems in central Iowa
by
Rebecca Baldwin-Kordick
A thesis submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE
Major: Soil Science (Soil Microbiology and Biochemistry)
Program of Study Committee:
Marshall McDaniel, Major Professor
Matt Liebman
Michael Castellano
The student author, whose presentation of the scholarship herein was approved by the program of
study committee, is solely responsible for the content of this thesis. The Graduate College will








LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi
CHAPTER 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
CHAPTER 2. PHYSICAL SOIL HEALTH: COMPARISON OF CONVENTIONAL AND
INTEGRATED LIVESTOCK AGRICULTURAL SYSTEMS . . . . . . . . . . . . . . . . 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.1 Site Characteristics and Experimental Layout . . . . . . . . . . . . . . . . . . 12
2.2.2 Soil Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Soil Gravimetric and Plant Available Water Contents . . . . . . . . . . . . . 14
2.2.4 Bulk Density, Soil Hardness and Water Stable Aggregates . . . . . . . . . . . 14
2.2.5 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Soil Gravimetric and Plant Available Water Contents . . . . . . . . . . . . . 16
2.3.2 Bulk Density, Soil Hardness and Water Stable Aggregates . . . . . . . . . . . 17
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5 Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
iii
CHAPTER 3. CHEMICAL SOIL HEALTH: COMPARISON OF CONVENTIONAL AND
INTEGRATED LIVESTOCK AGRICULTURAL SYSTEMS . . . . . . . . . . . . . . . . 32
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.1 Site Characteristics and Experimental Layout . . . . . . . . . . . . . . . . . . 36
3.2.2 Soil Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.3 Plant Available Nutrients, pH and Cation Exchange Capacity . . . . . . . . . 38
3.2.4 Soil Organic Carbon and Total Nitrogen . . . . . . . . . . . . . . . . . . . . . 39
3.2.5 Dissolved Inorganic Nitrogen (NH4
+ and NOX) and Soil Water Nitrate . . . 39
3.2.6 Dissolved Organic Carbon, Total Dissolved Nitrogen and Dissolved Organic
Nitrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.7 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.1 pH and Cation Exchange Capacity . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.2 Soil Organic Carbon and Total Nitrogen . . . . . . . . . . . . . . . . . . . . . 42
3.3.3 Dissolved Organic Carbon and Dissolved Organic Nitrogen . . . . . . . . . . 44
3.3.4 Dissolved Inorganic Nitrogen (NH4
+ and NOX) . . . . . . . . . . . . . . . . . 47
3.3.5 Total Dissolved Nitrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.3.6 Soil Water Nitrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.5 Figures and Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
iv
CHAPTER 4. BIOLOGICAL SOIL HEALTH: COMPARISON OF CONVENTIONAL AND
INTEGRATED LIVESTOCK AGRICULTURAL SYSTEMS . . . . . . . . . . . . . . . . 80
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.2.1 Site Characteristics and Experimental Layout . . . . . . . . . . . . . . . . . . 82
4.2.2 Soil Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.2.3 Microbial Biomass Carbon and Nitrogen . . . . . . . . . . . . . . . . . . . . . 84
4.2.4 Microbial Activity (Hydrolytic Enzymes and Respiration) . . . . . . . . . . . 85
4.2.5 Earthworm and Mesofauna Abundance . . . . . . . . . . . . . . . . . . . . . . 85
4.2.6 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.3.1 Earthworm and Mesofauna Abundances . . . . . . . . . . . . . . . . . . . . . 86
4.3.2 Soil Microbial Biomass Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.3.3 Microbial Activity (Hydrolytic Enzymes and Respiration) . . . . . . . . . . . 92
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.5 Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
CHAPTER 5. CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.1 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
APPENDIX A. ADDITIONAL ANALYSES . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
A.1 Plant Available Nutrients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
A.2 Earthworm and Mesofauna Abundance and Identification . . . . . . . . . . . . . . . 135
A.3 Soil Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137




Table 2.1 Probability values from the analysis of variance evaluating effects of soil
treatment, depth, and date on the gravimetric water content for the Marsden
Farm Experiment in 2017. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Table 2.2 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on the gravimetric water con-
tent for the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . . . 20
Table 2.3 Probability values from the analysis of variance evaluating effects of soil
treatment and depth on the plant available water, soil hardness, water stable
aggregates, and bulk density for the Marsden Farm Experiment in 2017. . . 21
Table 3.1 Probability values from the analysis of variance evaluating effects of soil
treatment and depth on the cation exchange capacity, pHCaCl, soil organic
carbon (total carbon), total nitrogen, and the ratio of total carbon to total
nitrogen for the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . 52
Table 3.2 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on the dissolved inorganic
nitrogen, dissolved organic carbon and nitrogen, pH, and total dissolved
nitrogen for the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . 64
Table 3.3 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on the dissolved inorganic
nitrogen, dissolved organic carbon and nitrogen, nitrous oxides (NO3
-/NO2
-)
and total dissolved nitrogen for the Marsden Farm Experiment in 2017. . . . 65
vi
Table 3.4 Probability values from the analysis of variance evaluating effects of soil
treatment, and date on the nitrate in soil water collected at a depth of 120
cm at the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . . . . 65
Table 4.1 Probability values from the analysis of variance evaluating effects of soil
treatment and depth on the earthworm and mesofauna abundance for the
Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . . . . . . . . . . 97
Table 4.2 Probability values from the analysis of variance evaluating effects of soil
treatment and depth on the microbial biomass carbon, microbial biomass
nitrogen, and the ratio of microbial biomass carbon to microbial biomass
nitrogen for the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . 100
Table 4.3 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on microbial biomass carbon,
microbial biomass nitrogen, and the ratio of microbial biomass carbon to
microbial biomass nitrogen for the Marsden Farm Experiment in 2017. . . . 106
Table 4.4 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on the beta-glucosidase, cel-
lobiohydrolase, beta-N-acetylglucosaminidase, acid phosphatase, and leucine
aminopeptidase for the Marsden Farm Experiment in 2017. . . . . . . . . . 106
Table 4.5 Probability values from the analysis of variance evaluating effects of soil
treatment, date, and proximity from the root on the 3-day CO2 respiration
for the Marsden Farm Experiment in 2017. . . . . . . . . . . . . . . . . . . . 107
Table A.1 Probability values from the analysis of variance evaluating effects of soil
treatment, and depth on the plant available nutrients Al, Ca, Cu, Fe, K, P,
Mg, Mn, and Zn in the Marsden Farm Experiment in 2017. . . . . . . . . . 130
A.2 Earthworm Species density in individuals per m2 at the Marsden Farm Ex-
periment October 2017. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
vii
A.3 Mesofauna density in individuals per m2 at the Marsden Farm Experiment




Figure 2.1 Marsden Farm on 3/28/2017. Left: Plot in the foreground was formerly in
alfalfa and was moldboard plowed the preceding fall. Plot was to be planted
to maize in early May. Right: Moldboard clod from last fall’s plow covers
a lysimeter hole, and is overturned, exposing green, moist vegetation and
roots, which remained extant well through field cultivation and planting on
5/9/17. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Figure 2.2 Photos of the corn taken at the time of sampling. From left to right sample
date and phases are: (6/20/2017), V9 stage; (7/14/2017), VT stage; and
(9/20/2017), R6 stage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 2.3 Gravimetric water content by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date. 22
Figure 2.4 Gravimetric water content at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 2.5 Plant available water by treatment with depth. Error bars represent the
standard errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Figure 2.6 Bulk density by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Figure 2.7 Soil resistance to penetration by treatment with depth to 43.18 cm. Shaded
areas around the bars represent the standard errors of the mean. . . . . . . 24
Figure 2.8 Soil resistance to penetration by treatment with depth. Error bars represent
the standard errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . 24
ix
Figure 2.9 Water stable aggregate mean weight diameter by treatment with depth.
Error bars represent the standard errors of the mean. . . . . . . . . . . . . . 25
Figure 3.1 pH by treatment at two different depths. Shaded areas around the lines
indicate the standard errors of the mean for each date. . . . . . . . . . . . . 52
Figure 3.2 The cation exchange capacity by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date. 53
Figure 3.3 Soil organic carbon by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date. . . 53
Figure 3.4 Total nitrogen by treatment at two different depths. Shaded areas around
the lines indicate the standard errors of the mean for each date. . . . . . . . 54
Figure 3.5 The ratio of soil organic carbon to total nitrogen by treatment at two dif-
ferent depths. Shaded areas around the lines indicate the standard errors of
the mean for each date. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Figure 3.6 Dissolved organic carbon by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date. . . 55
Figure 3.7 Dissolved organic nitrogen by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date. 56
Figure 3.8 Dissolved inorganic nitrogen by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date. 57
Figure 3.9 Dissolved nitrate by treatment at two different depths. Shaded areas around
the lines indicate the standard errors of the mean for each date. . . . . . . . 58
Figure 3.10 Dissolved ammonium by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date. . . 59
Figure 3.11 Total dissolved nitrogen by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date. . . 60
Figure 3.12 Nitrate N in soil water at 120 cm depth. Shaded areas around the lines
indicate the standard errors of the mean for each date. . . . . . . . . . . . . 60
x
Figure 3.13 pH at different dates and stages of corn development by treatment and
proximity from the root. Error bars represent the standard errors of the
mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 3.14 Dissolved organic carbon at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 3.15 Dissolved organic nitrogen at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 3.16 Dissolved inorganic nitrogen at different dates and stages of corn develop-
ment by treatment and proximity from the root. Error bars represent the
standard errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 3.17 Nitrate at different dates and stages of corn development by treatment and
proximity from the root. Error bars represent the standard errors of the
mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Figure 3.18 Ammonium at different dates and stages of corn development by treatment
and proximity from the root. Error bars represent the standard errors of
the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Figure 3.19 Total dissolved nitrogen at different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
Figure 4.1 Earthworm average by treatment. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
Figure 4.2 Mesofauna average by treatment. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
Figure 4.3 Microbial biomass carbon by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date. 99
xi
Figure 4.4 Red circular markers indicate the rainfall at the Ames during each month of
2017. Green violin plots are kernel density distributions of the precipitation
from 1893 - 2017, and the horizontal line in the center indicates the average
precipitation over that period. Horizontal bars on the violin plots indicate
the highest and lowest extreme observations. The grey shaded area between
April and September highlights the growth season of corn. . . . . . . . . . . 99
Figure 4.5 Microbial biomass nitrogen by treatment at two different depths. Shaded
areas around the lines indicate the standard errors of the mean for each date.100
Figure 4.6 Microbial biomass carbon to microbial biomass nitrogen by treatment at
two different depths. Shaded areas around the lines indicate the standard
errors of the mean for each date. . . . . . . . . . . . . . . . . . . . . . . . . 101
Figure 4.7 Microbial biomass carbon at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Figure 4.8 Microbial biomass nitrogen at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Figure 4.9 Ratio of microbial biomass carbon to microbial biomass nitrogen at different
dates and stages of corn development by treatment and proximity from the
root. Error bars represent the standard errors of the mean. . . . . . . . . . . 102
Figure 4.10 β-glucosidase at different dates and stages of corn development by treatment
and proximity from the root. Error bars represent the standard errors of
the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Figure 4.11 Cellobiohydrolase at different dates and stages of corn development by treat-
ment and proximity from the root. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
xii
Figure 4.12 Leucine aminopeptidase at different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Figure 4.13 β-N-acetylglucosaminidase different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Figure 4.14 Acid phosphatase at different dates and stages of corn development by treat-
ment and proximity from the root. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Figure 4.15 3-day CO2 burst at different dates and stages of corn development by treat-
ment and proximity from the root. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Figure 5.1 Summary of soil health evaluation for a conventional and integrated livestock
cropping system after 15 years of management in the US Midwest. Central
radar plot compares average normalized values for 20 soil health parameters
in each cropping system at 0-30 cm. Parameters that are larger indicate
a superior soil health. The nature of some parameters are such that the
inverse is true. Asterisks indicate when this is the case, and normalized
values were inverted. Exterior box and whisker plots indicate true values
associated with the normalized values. Horizontal lines in the center of
box plots indicate treatment means. Abbreviation guide: gravimetric water
content (GWC), water stable aggregates (WSA), β-glucosidase (BGase), 3-
day soil carbon respiration (CO2-3d), microbial biomass C and N (MBC and
MBN), dissolved organic carbon (DOC), dissolved organic nitrogen (DON),
nitrate (NO−3 ), potassium (K(M3)), phosphorus (P(M3)), cation exchange
capacity (CEC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
xiii
Figure 5.2 Average scores of parameters grouped by soil health category. Error bars
represent the standard error of the normalized values. Physical indicators
of soil health are gravimetric water content (GWC), water stable aggre-
gates (WSA), soil hardness, and bulk density. Biological indicators are
β-glucosidase (BGase), 3-day soil carbon respiration (CO2-3d), mesofauna
abundance, earthworm abundance, and microbial biomass C and N (MBC
and MBN, respectively). Chemical parameters are total carbon, dissolved
organic carbon (DOC), total nitrogen, dissolved organic nitrogen (DON),
nitrate (NO−3 ), potassium (K(M3)), phosphorus (P(M3)), cation exchange
capacity (CEC), and pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Figure A.1 Al content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Figure A.2 Ca content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Figure A.3 Cu content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Figure A.4 Fe content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Figure A.5 K content by by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Figure A.6 P content by treatment with depth. Error bars represent the standard errors
of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Figure A.7 Mg content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Figure A.8 Mn content by treatment with depth. Error bars represent the standard
errors of the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
xiv
Figure A.9 Zn content by treatment at two different depths. Shaded areas around the
lines indicate the standard errors of the mean for each date. . . . . . . . . . 134
Figure A.10 Soil functions from the Food and Agriculture Organization of the United
Nations [FAO (2015)]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
xv
ACKNOWLEDGMENTS
I would like to thank my advisor Marshall D. McDaniel and committee members Matt Liebman
and Mike Castellano for their insightful, pertinent coursework, and their guidance in my master’s
research. I would like to thank Marshall for entrusting me with the privilege of being his first
graduate student, and am assured there will be many more after me. I additionally acknowledge
the following people for their valuable advice and assistance in various aspects of this research: Tom
Sauer, Martin Shipitalo, Bert Swalla, Jeff Cook, John Marino, Nick Lauter, and Miriam Lopez.
Special thanks to Mriganka De who acted as a friend and mentor in the lab, and was heavily
involved in assisting me in this research. I would also like to express gratitude to Katherine Goode
for her statistical advice. Finally, I would like to thank my lab-mates, friends, and loved ones for
all of the support during my time at Iowa State University.
xvi
ABSTRACT
Conventional agricultural cropping systems in the United States Midwest consist of short corn
(Zea mays L.)-soybean (Glycine max L.) rotations that depend heavily on external inputs like
chemical fertilizer and pesticides to maintain high yields. These simplified systems are associated
with environmental externalities like soil degradation and water quality impairment. Agricultural
systems that increase crop rotation diversity are known to increase yields compared to more simpli-
fied rotations, a phenomenon called the ‘rotation effect’. Mechanisms for this effect are not known,
but could be linked to soil health changes. This study evaluates soil health in a conventional crop-
ping system and an economically comparable alternative that previously demonstrated significantly
greater corn and soybean yields than the conventional system. Using a long-term cropping system,
15 years after its establishment, soils in the corn phase were compared in the following cropping sys-
tems: 1) a conventional corn-soybean cropping system receiving mineral nitrogen fertilizer, and 2)
a diversified corn-soybean-small grain+alfalfa (Medicago sativa L.)-alfalfa rotation receiving com-
posted cattle manure and reduced mineral nitrogen fertilizer. A total of 37 soil health parameters
were analyzed throughout the 2017 growing season, including 5 physical, 21 chemical, and 11 bi-
ological soil health parameters. Soils were sampled at depths of 0-15 cm and 15-30 cm, and some
parameters were collected at three proximities to the corn root (interrow, row, and rhizosphere soil).
Specific soil health parameters analyzed were: bulk density, soil hardness, water stable aggregates,
plant available water, gravimetric water content, nine plant available nutrients (Al, Ca, Cu, Fe, K,
P, Mg, Mn, and Zn), pH, cation exchange capacity, soil organic C (SOC), total soil N (TN), the ratio
of SOC to TN, dissolved organic C, dissolved organic N (DON), dissolved inorganic N as soil nitrate
and ammonium, total dissolved N (TDN), soil water nitrate, earthworm and mesofauna abundance,
microbial biomass C, microbial biomass N, the ratio of microbial biomass C:N, soil CO2 respiration,
and five hydrolytic enzyme activities (β-glucosidase, cellobiohydrolase, β-N-acetylglucosaminidase,
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acid phosphatase, and leucine aminopeptidase). Compared to the conventional system, the inte-
grated livestock system increased physical soil health by 17.7%, chemical soil health by 22.6%, and
biological soil health by 15.6%. Compared to the conventional system, implementation of crop
rotation diversity and manuring reduced compaction and enhanced soil water content through the
dry summer. The diversified system also increased nutrient storage and availability with greater
CEC and pH. The alternative system enhanced the quantity and distribution of dissolved organic
nutrients and microbial biomass, and increased earthworm populations, compared to the conven-
tional system. Surprisingly, however, soil respiration was significantly greater in the conventional
system compared to the diversified system, and may suggest physiological/metabolic differences
in soil communities. The proportion of TDN as DON, in the diversified system was greater than
in the conventional system, and effectively reduced the standing soil nitrate pool. Spring nitrate
concentration in soil water under the diversified system was significantly less than the conventional
system, and suggests reduced nitrate leaching potential when soil is most vulnerable to leaching.
This analysis found that improvements in crop yield in the diversified system were not the result of
a few increases in select soil health parameters, but likely a combined effect of multiple soil health
improvements, relative to the conventional system. This diversified cropping system is an effec-
tive alternative to conventional cropping systems, for increasing soil health and reducing negative
environmental impact, without compromising farm profitability.
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CHAPTER 1. INTRODUCTION
Crop rotation and livestock integration have been integral components of agricultural systems
since at least the 7th century BC [Halstead (1996), Smith (1995), Karlen et al. (1994)]. In these
systems, rotations of perennial pastures and grains support livestock, and soil nutrients are added
and recycled via diverse crop residue and manure incorporation. The ‘feed the soil’ approach of
integrated crop and livestock systems is to build soil fertility by supporting soil biota – the ecological
drivers of soil biogeochemical processes. Since the 1950s, chemical fertilizers and herbicides have
largely replaced diverse crop rotations and manure, focusing instead on a ‘plant nutrition’ approach
to soil fertility. Genetic and technological advancements, like mechanization, have increased yields
five-fold in the last century [Egli (2008)], increased farm size, and encouraged farm specialization
in either crop or livestock production [MacDonald and McBride (2009), Sulc and Tracy (2007)].
In the Midwestern United States, this has resulted in the replacement of manure with synthetic
fertilizer, and has substantially reduced small grain and perennial forage crop production in favor
of annual crops, chiefly corn and soybean [Hatfield et al. (2009), MacDonald and McBride (2009),
Russelle et al. (2007)].
This monumental land-use shift, while producing more food, has brought with it a greater
environmental impact. Corn and soybean are annual crops, which leave the soil without living
cover for eight months of the year. During this time, seasonal rains (Figure 4.4) make soil especially
susceptible to erosion and nutrient leaching, both of which can impair water quality [Pimentel et al.
(1995), Karlen et al. (1994), Randall and Vetsch (2005), Tomer and Liebman (2014)]. Rich Mollisol
soils are found throughout the Midwest, but are especially concentrated in Iowa, and contain
relatively large quantities of nitrogen and phosphorus (16.1 Mg N per ha and 2.3 Mg P per ha)
[David et al. (2009), Sui and Thompson (2000)]. In riparian and marine ecosystems, these nutrients
drive exponential reproduction of algae. When these algae die, other microorganisms decompose
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the algae and respire using dissolved oxygen in water, leaving insufficient oxygen for fish and other
water organisms. This process of low-oxygen (hypoxic) water, driven by excessive nutrients is
called eutrophication. Eutrophication can have detrimental effects on local streams and lakes, and
these nutrients ultimately are transported down the Mississippi River, and result in a dead zone
in the Gulf of Mexico that is three times the size of Rhode Island [Rabalais et al. (2007), Turner
et al. (2002), Turner et al. (2007)]. Meanwhile, livestock production has predominantly moved to
large-scale, concentrated production facilities where animal wastes are now produced in such large
volumes as to make a once vital nutrient resource, a liability for air and water quality [MacDonald
and McBride (2009), Burkholder et al. (2006), West et al. (2011), Fiala (2009), Beauchemin et al.
(2010)].
The urgent sustainability concerns surrounding the conventional Midwestern agroecosystems
invite consideration of alternatives. Could soil fertility concepts from agricultural heritage inspire
improvements in modern conventional production? Integration of perennial forages in annual crop
rotations, and manure amendments have shown promise for environmental and production benefits.
Perennial crops cover and protect the soil from erosion twelve months of the year, and when
incorporated into annual rotations, alfalfa and timothy have been shown to reduce erosion by 21 -
36% [Liebman et al. (2015), Gantzer et al. (1990)]. Significant reductions of nitrate in soil water
have also been found under rotations that include alfalfa or red clover [Tomer and Liebman (2014)],
with alfalfa being particularly good at preventing nitrate losses [Kelner et al. (1997), Mathers
et al. (1975), Randall and Vetsch (2005)], reducing leaching by as much as 96% [Randall et al.
(1997)]. Benefits of long-term applications of manure include increases in microbial biomass, and
enhanced soil structure, compared to synthetically fertilized soils [Edmeades (2003)], and possible
contributions to disease suppression [Bailey and Lazarovits (2003)].
Integrated livestock cropping practices, thus have potential to offer multiple environmental
benefits. However, an important prerequisite for consideration and adoption of this sustainable
alternative is that it is economic viable. Increasing crop diversity, a main feature of integrated
livestock systems, has been shown to significantly increase yields of the crops grown in the rotation,
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a phenomenon called the ‘rotation effect’ [Davis et al. (2012), Bennett et al. (2012), Hunt et al.
(2017), Van Doren et al. (1984)]. In the Midwestern U.S., increasing crop diversity of conventional
corn-soybean rotations to include oat and alfalfa, has significantly increased corn yield over yields
in monocrop corn and simple corn-soybean rotations, and did so with less N-fertilizer [Stanger
and Lauer (2008), Berzsenyi et al. (2000)]. These performance advantages enable diverse crop
rotations, using manure as a primary nutrient source, to substantially reduce needs for costly N
fertilizer, pesticides, and fuel for their application. While integrated livestock systems have lower
gross incomes than conventional systems, these are offset by reduced input costs in the integrated
livestock system, making both systems economically comparable [Gantzer et al. (1990), Sulc and
Tracy (2007), Davis et al. (2012), Bennett et al. (2012), Hunt et al. (2017)].
Though the phenomenon is well known, the mechanisms behind the ‘rotation effect’ are not
well understood. Enhanced performance in diversified cropping systems, despite fewer external
inputs may suggest that integrated livestock systems encourage more favorable soil conditions for
plant growth than conventional systems. A detailed comparison of soil health in conventional and
integrated livestock systems is needed to better understand mechanisms behind the ‘rotation effect’.
Many studies have analyzed facets of soil health in various crop rotation experiments, however, a
comprehensive comparison of the conventional Midwestern cropping system to an economically
viable, alternative system, using all three categories of soil health indicators (physical, chemical,
and biological) [Karlen et al. (2003)], has not been performed [Bünemann et al. (2018), Congreves
et al. (2015)].
The Marsden Farm Experiment (MFE) in Boone, Iowa was the long-term experiment used for
this study. The MFE began in 2002, and compares a conventional agricultural system to extended
rotations that include perennial legumes. Compared systems in this thesis are the 2017 corn phases
of: 1) a 2-year corn (Zea mays L.)-soybean (Glycine max L.) cropping rotation with conventional
rates of mineral nitrogen fertilizer, chisel plowing after corn, and cultivation before planting, and
2) a 4-year rotation of corn-soybean-small grain + alfalfa (Medicago sativa L.)-alfalfa rotation with
applied manure after the 2nd year of alfalfa, a lower rate of mineral nitrogen, chisel plowing after
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corn, moldboard plowing before corn, and cultivation before annual crops. Between 2008 - 2017,
corn and soybean yields were 4% and 19% higher, respectively in the 4-year system compared to
the 2-year system, despite using 91% less nitrogen fertilizer and 86% less herbicide [Davis et al.
(2012), Hunt et al. (2017), 2017 MFE Field Notes]. The MFE integrated livestock and conventional
systems do not differ in profitability [Davis et al. (2012), Hunt et al. (2017)].
In the following thesis, a total of 37 physical, chemical, and biological soil health parameters
were tested in the conventional and integrated livestock systems during the 2017 season. Soil health
parameters were tested on single or multiple dates. Some at different soil depths, and others across
a spatial gradient of increasing root influence (i.e. interrow to rhizosphere soil). Each chapter is
assigned to one of the three categories of soil health as follows: Chapter 2: Physical Soil Health,
Chapter 3: Chemical Soil Health, and Chapter 4: Biological Soil Health. In each chapter, the
respective soil health results of both cropping systems are presented and discussed. In Chapter 5:
Conclusion, two figures summarize the overall potential of the alternative cropping system to alter
soil health relative to the conventional Midwestern cropping system.
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CHAPTER 2. PHYSICAL SOIL HEALTH: COMPARISON OF
CONVENTIONAL AND INTEGRATED LIVESTOCK AGRICULTURAL
SYSTEMS
2.1 Introduction
Physical soil health relates to soil structure and water storage, and largely mediates some of
the most critical soil functions in agricultural systems, including efficient water movement and
storage in soils, flood mitigation, erosion reduction, the ease of penetration of plant roots, and crop
resilience in drought [Karlen et al. (1997)]. Soil physical properties thus determine the suitability of
the soil environment for plant and soil life, which mediate other crucial soil processes. Management
has been shown to influence physical soil health, therefore, farming practices that restore physical
soil health will be crucial to enhancing agricultural productivity and minimizing environmental
losses of soil and nutrients.
Some of the management practices that most affect soil physical health are tillage, crop diversity,
and manuring. Tillage is a common practice in US Midwest agroecosystems, with about 82% of
surveyed farmers in the Minnesota and central Iowa region using the practice once every year
[Napier et al. (2000)]. Tillage is used in the preparation of seed beds and for the dispersal and
decomposition of crop residues. Tillage, however, can affect the soil structural properties throughout
the profile, like aggregate size, carbon distribution, pore size, bulk density, and may encourage
compaction beneath the plowing depth [Mikha and Rice (2004), Azooz et al. (1996), Wander
et al. (1998), Chen and Tessier (1997)]. The degree to which tillage affects soil structure can
be a function of its intensity and frequency. To minimize negative impacts of tillage, some land
owners reduce or eliminate tillage in their systems. Conventional tillage in the glacially-derived
soils in Iowa and Minnesota is usually chisel or moldboard plowing [Napier et al. (2000)]. Chisel
plowing is effective at the dispersal of annual crop residues throughout the soil profile before another
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annual planting, and leaves a portion of residues on the surface of the soil. Moldboard plowing is
considered a more intensive plowing method, undercutting and inverting vegetation, so that above
ground plant vegetation is left face down in the soil. This method, in essence, concentrates a
layer of residue just below the soil surface. Plowing experiments comparing soil health impacts
of chisel and moldboard plowing in conventional systems have had mixed results. In conventional
systems using each method, Voorhees and Lindstrom (1984) found that over time, chisel plowing
resulted in more porous soil, smaller aggregate sizes, and reduced subsoil compaction compared to
moldboard plowing. However, Kladivko et al. (1986) found that chisel plowing had greater mean
weight diameter of water stable aggregates and bulk densities than moldboard plowing. Both of
these systems were comparing conventional cropping systems, however, and did not account for the
effect that other relevant management practices like crop diversity and manuring introduces to the
soil system.
While tillage can be a negative influence on soil health, it has been suggested and demonstrated
that crop rotation and manuring may be more important determinants for soil health [Dick (1992)].
Crop diversity in extended rotations introduces a variety of crop residues and rooting structures
that result in water-stable aggregates (WSA) [Tisdall and Oades (1982)], which could counteract
negative effects of intensive plowing on WSA. Additionally, alfalfa (Medicago sativa L.), sweet clover
(Melilotus alba Medik.), guar (Cyamopsis tetragonoloba (L.) Taubert) , and bahiagrass (Paspalum
notatum Flugge cv. Pensacola) have appreciably diminished plow pan layers [Bowen (1981), Elkins
et al. (1977), cited by Unger and Kaspar (1994)], increasing the distribution of macropores, availing
access to ground water, and distributing root residues and exudates through the profile. Soil
structural improvements in bulk density and aggregation have also benefited from high-quality
crop residues and manure [Edwards et al. (1992), Mikha and Rice (2004)]. Often, these organic
amendments influence soil structure indirectly by providing nutrients to soil biota. High quality
plant residues and manure, for instance, are rich nutrient sources, and additions like these can
support earthworm activity, and improve soil structure [Bowen (1981), Ehlers et al. (1983), Logsdon
and Allmaras (1991), cited by Unger and Kaspar (1994), Dick (1992)].
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Management practices like tillage, crop diversity, and manuring can have marked impact on
soil health. Conventional Midwestern agricultural systems employ regular tillage, low crop rotation
diversity, and depend heavily on artificial N fertilizers and herbicides. While very productive,
current conventional cropping systems pose environmental risk and diminish soil resources, resulting
in economic loss to farmers [MacDonald and McBride (2009), Turner et al. (2002), Montgomery
(2007), Dick (1992)]. In Central Iowa, an alternative system at the Marsden Farm Experiment
(MFE) combines the modern genetics, fertilization, and technological advances that have increased
crop yields five-fold in the last century [Egli (2008)], with elements of low-external input cropping
systems implemented prior to WWII. Management practices of low-external input systems include
extended crop rotations, and organic amendments like manure and green-manure, which help feed
soil biota that are drivers of many soil functions that also contribute to improved soil structure.
While technological advances have increased historic crop yields substantially, simplified inputs
used in conventional cropping systems today do little to support soil biota, and thus, these systems
may not be operating at their fullest potential. In this alternative, economically viable [Hunt et al.
(2017)] cropping system at the MFE, enhanced soil health may enable the system to achieve 4%
greater corn yields and 19% greater soybean yields, despite a 91% and 86% reduction in N-fertilizer
and herbicide, compared to the conventional, low-diversity systems of today [Davis et al. (2012),
Hunt et al. (2017), 2017 MFE Field Notes].
Other experiments have also found that yields increase with increasing diversity of crops in the
rotation, a phenomenon called ‘the rotation effect’ [Davis et al. (2012), Bennett et al. (2012), Hunt
et al. (2017), Van Doren et al. (1984)]. Many theories have been put forth to explain this effect,
including pest and weed reduction, enhanced soil fertility, and increased biologic activity [Reeves
(1994), Liebman and Dyck (1993), Liebman and Ohno (1998), Copeland and Crookston (1992),
Rusch et al. (2013), Edwards et al. (1992), Blanco-Canqui et al. (2010), Campbell et al. (1998),
Wright and Hons (2005), McDaniel and Grandy (2016), Acosta-Martinez et al. (2007), Ekenler and
Tabatabai (2002)]. The mechanisms of this phenomenon, however, are not well understood, but
the source could be an improvement of soil health.
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In this chapter, five physical soil health parameters were tested on both a conventional Midwest-
ern cropping system using N-fertilizer and frequent chisel plowing, and a more diverse system with
manuring, green-manuring, and reduced chisel plowing and infrequent moldboard plowing. Tested
parameters targeted soil structure and water storage, and included the following: gravimetric water
content (GWC), plant available water (PAW), bulk density (BD), soil hardness, and mean weight
diameter of water stable aggregates (MWD). It is hypothesized that the alternative system, with
organic matter additions, and crop diversity, will reduce compaction, and increase soil aggregation
and soil water content compared to the conventional system, despite perceptions of moldboard
plowing as a high-intensity management practice.
2.2 Methods
2.2.1 Site Characteristics and Experimental Layout
This study took place at the Marsden Farm experiment (MFE) in 2017. The MFE is a long-
term, Iowa State University experimental plot in Boone, IA. The latitude, longitude, and elevation
are 42◦01’ N, 93◦47’ W, and 333 m above sea level, respectively. The historical mean annual
moisture is 32.3 mm, with most rain falling (43%) during the spring and autumn (Figure 4.4) [ISU
Environmental Mesonet (2017)]. The mean annual high temperature is 15.3◦C [ISU Environmental
Mesonet (2017)]. Soils are Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludolls),
Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic Hapludolls), and Webster silty clay
loam (fine-loamy, mixed, superactive, mesic, Typic Endoaquolls) [Liebman et al. (2008), and Davis
et al. (2012)].
Since establishment in 2002, the MFE has compared the agroecosystem performance of different
cropping systems. The two systems analyzed in this study were the following: (1) a conventional,
nitrogen fertilized, 2-year rotation of corn (Zea mays L.)-soybean (Glycine max L.), and (2) a
manure + reduced nitrogen fertilized, 4-year corn-soybean-small grain + alfalfa (Medicago sativa
L.)-alfalfa rotation. Between corn harvest and soybean planting, fall chisel plowing and spring
cultivation was applied in both systems. Shallow cultivation was used to prepare seed beds before
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planting the small-grain and the first year of alfalfa. After the final year of alfalfa, before corn
planting, there was a fall moldboard plowing and spring disking and cultivation (Figure 2.1). The
MFE is a randomized complete block design experiment in which each rotation is represented in
all phases, at all times, in each of four replicated blocks. The dimensions of each plot are 18 x 85
m. More information about the management of the MFE can be found at [Liebman et al. (2008),
and Davis et al. (2012)].
2.2.2 Soil Sampling
Monthly soil sampling took place during the corn phase of both rotations during the 2017
growing season. For each of eight sampling events between April-November 2017, five soil cores
were randomly sampled to a depth of 30 cm in each of four experimental replicates, sub-divided
into 0-15 cm and 15-30 cm depths, and each depth homogenized. Samples were placed on ice in
plastic bags, in a cooler, returned to the lab, sieved at two diameters: 0-2 mm, and 2-8 mm, and
refrigerated.
Three times during the growing season, a separate sampling of the interrow, row, and rhizosphere
soil took place - also referred to as ‘rhizospatial sampling’. This rhizospatial sampling used what
has been called the ‘shovel and shake’ method of collecting soils [Boyle and Shann (1995), Gomes
et al. (2003), Angst et al. (2016)]. In this method, soil samples were taken from each treatment in
the corn phase at three distances from the root, with the intention of sampling across a gradient of
corn root influence. Interrow soil was considered soil with low corn root influence, and was sampled
with a soil probe from 0-15 cm depth. Five cores from each treatment replication were homogenized
to obtain a single representative sample of interrow soil. Four corn plants were then trimmed to
approximately 15 cm height, and unearthed with a shovel. The root-soil masses were shaken into a
sanitized tub, and fallen soil was collected and designated as soil from the row, with an intermediate
influence from the root. Next, soil that remained adhered to the root after vigorous shaking was
carefully removed by lightly pinching aggregates so that the soil was removed without shearing root
epidermal or root hairs, and this was designated as rhizosphere soil, under the greatest influence of
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corn roots. After interrow, row, and rhizosphere soils were collected from four corn plants in each
treatment replication, they were each homogenized in respective plastic tubs, transferred to Ziploc
bags, and stored on ice packs in a cooler. These soil samples were collected in this manner from
both treatments in all four of the treatment replicates. Rhizospatial sampling occurred on three
dates: 6/20/17, 7/14/17, and 9/20/17. The respective developmental stages of the corn during
these dates were V9, VT, and R6 (Figure 2.2). Soils were then transported to the lab and stored in
a refrigerator for 2-4 days. Soils were sieved at 2 mm, and the only physical soil health parameter
tested on these soils was gravimetric water content.
2.2.3 Soil Gravimetric and Plant Available Water Contents
Soil gravimetric water content was measured with oven drying according to Gardner (1986).
Soils used for PAW measurements were sieved at 0-2 mm and air dried. These soils were then
evenly packed into small rubber belts and placed on saturated ceramic plates that were fixed inside
pressure chambers. Soils were slowly wetted from below by adding extra water to the ceramic plate
surface. Soils were allowed to come to equilibrium for 5 days in a pressure chamber set at -33 kPa
to represent the soil water content at field capacity [Jamison and Kroth (1958)] and in another
chamber at -1500 kPa, to represent permanent wilting point [Richards and Weaver (1943)]. Soils
were weighed immediately after removal from the pressure plates, and subsequently after drying in
an oven at 105◦C for 48 hours. The PAW of the soils was the difference between the water content
at field capacity and that at permanent wilting point, similar to the process described in Klute
(1986). Structural differences in these soils will likely influence their water retention, thus future
soil water retention measurements would reduce error by using intact soil cores.
2.2.4 Bulk Density, Soil Hardness and Water Stable Aggregates
BD was measured using the core method [Blake and Hartge (1986)]. Cores were taken with a
250 mL ring with a height of 5 cm and inner diameter of 8 cm. Soil intervals 0-15 cm and 15-30 cm
were represented with the first 5 cm of each soil layer (0-5 cm, and 15-20 cm, respectively). Soil at
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25-30 cm was also sampled to represent the BD below the plow layer. Soil hardness was measured
using a FieldScout SC900 Compaction Meter (Spectrum Technologies, Aurora, IL), affixed with a
1.27 cm (1/2 in) cone tip. This device allowed for measurements of penetration resistance in 2.5
cm intervals to a depth of 43.2 cm. To look at resistance to compaction, measurements were taken
at random locations in each experimental replicate from 8 non-trafficked interrows and 2 wheel-
trafficked interrows. Water stable aggregates were measured according to Yoder (1936), however,
100 g of 2-8 mm sieved, air dried soil was placed atop a series of sieve sizes: 4, 2, 1, 0.5, 0.25 mm.
Sieves were then lowered and raised 6 cm in a mechanical device at 80 rpm for 5 minutes.
2.2.5 Statistical Analysis
Statistical analysis was performed using linear mixed-models. For singular sampling events,
block, treatment, soil depth, and treatment x depth interaction were fixed effects, and the block x
treatment interaction was a random effect. All repeated measures included three or more dates, and
were applied to both samples taken at discrete soil depths, and at discrete rhizosphere proximities.
For response variables tested at discrete soil depths, the same linear mixed-model as shown above
was run, except date, treatment x date, depth x date, and depth x date x treatment were added
fixed effects, and an additional random effect for the treatment x depth x block interaction was
included. The model for response variables tested at different distances from the rhizosphere was
the same as that for discrete depths, except that proximity replaced depth in all factors including
depth. The R package lme4 was used to fit the model, and lmerTest was used to generate an anova
using Satterthwaite’s degrees of freedom and Type III sums of squares. The R package emmeans
was used for pairwise comparisons and p-value corrections. Significant alpha values were set at
<0.05, and marginally significant at <0.1.
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2.3 Results and Discussion
2.3.1 Soil Gravimetric and Plant Available Water Contents
Mean seasonal gravimetric water content (GWC) ranged from 0.10 - 0.33 g water per g soil. For
monthly samples, from 0-30 cm, GWC was 13.8% greater in the 4-year system than in the 2-year
system, and varied with season and depth (Table 2.1; Figure 2.3). The trend showed that for each
date and depth, GWC was greater in the 4-year treatment than in the 2-year treatment, though
the treatment effect was not significant (p = 0.18). On one date, there were moderately significant
differences between treatments at both depths (p<0.07 on 10/8/17).
GWC in the rhizosphere, row, and interrow showed multiple main effects and interaction effects
with a treatment x proximity x date interaction (Table 2.2; Figure 2.4). GWC was between 10.8 -
28.3% greater, on average, in the 4-year than in the 2-year system. This was across all dates and
root proximities, but treatments were only moderately significant (p<0.06) at all proximities on
6/20/17, in the interrow on 7/14/17, and in the row on 9/20/17. Contrasts indicated that when
water content differs with root proximity, it is highest near the root. In the spring (6/20/17), when
the soil water content was highest, GWC was not significantly different by soil proximity to the
root. In the driest month (7/14/17), soil water content was highest in the rhizosphere, and lower
in the interrow and row (p<0.06). In the more moist fall (9/20/17), the water content was greatest
in the row and rhizosphere compared to the interrow. The increase in moisture next to the root
during the dry down was as Carminati et al. (2010) found, however, rewetting by 9/20/17 showed
that the rhizosphere was still wetter than the interrow soil, which contradicted Carminati et al.
(2010). This suggests that the 4-year system begins the season with a greater water content and
takes longer to dry out than does the 2-year system, as more water is found farther away from the
roots in the driest month (7/14/17). With greater average water contents in the soil at all tested
months, this could create major advantages to crops in the alternative system. In [Eck (1984)], a
15% increase in irrigation increased the grain yield of a moderately fertilized corn crop by 8.4%.
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The greater average GWC in the 4-year system, also translated to greater average plant available
water compared to the 2-year system. PAW ranged from 0.08 - 0.12 g water per g soil, and was
also not significantly different with treatment (p = 0.17), though the trend was consistent at both
depths for a 10.3% greater PAW in the 4-year treatment than in the 2-year treatment (Table 2.3;
Figure 2.5). Soil organic carbon is strongly associated with water holding capacity [Hudson (1994)].
In soils with greater clay and sand content, manuring has contributed to greater SOC levels, and
simultaneously, greater PAW [Mbagwu (1989)]. Central Iowa soils, however, are inherently rich in
organic matter (2-7% SOC) [Al-Kaisi and Kwaw-Mensah (2017)], so it may be the case that the
impact from added organic matter on water storage may be very small. However, additional organic
matter also enhances soil biological activities that contribute to improved soil structures [Rillig and
Mummey (2006), Blanchart et al. (1999)], which may also enhance water holding capacity.
Taken together, strong trends of greater average GWC and PAW suggest that the 4-year system
holds more water, and makes it available to crops during the year, than 2-year systems. Greater
percent differences between treatments for average GWC than PAW provides possible evidence
that greater water content in the 4-year system is partially a result of structural differences >2
mm. Though PAW and GWC are related measurements and have the same units, discrepancies
in significant treatment differences between the two tests may be largely an artifact of the test
procedures. Pore structures in the soil have significant influence in soil moisture capacity, and
those >2 mm were destroyed while sieving before both GWC and PAW measurements. However,
GWC was tested on fresh soil at near field moisture conditions, and even though the structures
themselves had been destroyed during sieving, the amount of water held in the original structures
was preserved. PAW, on the other hand was sieved, dried, re-packed, and re-wetted, which erases
most original structural features and water capacity influence thereof.
2.3.2 Bulk Density, Soil Hardness and Water Stable Aggregates
Though not well represented in sieved PAW measurements, there was strong evidence for soil
structural differences between these two systems. Over all depths, BD ranged from 0.96 - 1.46 g
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per cm3, and was 8.5% lower in the 4-year system than in the 2-year system (Table 2.3; Figure 2.6).
There were not significant differences between treatments at the soil surface, however, at 15-30 cm
there was a 10% decrease (p<0.04) in BD in the 4-year system.
Like BD, treatment differences in penetration resistance were largest at the deeper depths
(Figure 2.7). Soil resistance to penetration ranged from 835 - 1513 kPa. From 0-30 cm, soils in
the 2-year system were 25.8% harder than the 4-year treatment (p<0.006; Table 2.3; Figure 2.8).
Results not shown here indicate that rows with wheel compaction are harder than those without
wheel compaction in both systems, but that in these rows, the soil hardness in the 4-year system
was still less than that in the 2-year system.
Structural differences were not only seen in significant treatment differences for BD and soil
hardness– mean weight diameter of WSA also displayed trends of greater aggregation. Mean weight
diameter of WSA ranged from 0.25 - 0.94 mm, and average mean weight diameter of WSA in the
4-year system at 15-30 cm were 70.2% larger than in the 2-year system at the same depth (Table 2.3;
Figure 2.9). This stratification is consistent with Moni et al. (2010).
Notable, however, is that the differences between treatments in BD, soil hardness, and WSA in
this study were most marked at deeper depths. This stratification pattern was similar with those
of Lazicki et al. (2016), who found that root length density at the MFE was significantly greater
at 10-20 cm in the 4-year system than in the conventional 2-year system. Reduced soil hardness
in the 4-year system contributes to an enhanced root environment at deeper depths, though it
cannot be determined whether plants are growing deeper because of the enhanced soil structure or
whether the soil structure is enhanced because of conditioning from roots [Bowen (1981), Elkins
et al. (1977)]. Soil structural enhancements seen in the 4-year system may also result from organic
matter additions like manure and green manure, which provide food for soil organisms that can




Results from this analysis suggest that soil structure and soil water content in central Iowa’s
conventional cropping systems benefit from manure and green manure additions, and crop rotation.
BD and soil penetration resistance were both decreased by 9% and 26%, respectively in the diver-
sified, alternative 4-year system, compared to the conventional 2-year system. Although the mean
weight diameter of WSA was not significantly different between systems, a 70% increase in average
WSA at deeper depth, suggests additional structural advantages in this alternative cropping sys-
tem. Improved structure may encourage root growth, and provide compaction resilience to wheel
traffic. Structural enhancements may also contribute to average increases in soil water contents in
the 4-year system, compared to the 2-year system. GWC and PAW each increased average water
content by 14% and 10%, respectively. And while these findings were not significant by treatment,
they could contribute to observed yield advantages in the 4-year system over the 2-year system,
especially in drought.
2.5 Tables and Figures
Table 2.1 Probability values from the analysis of variance evaluating effects of soil treat-
ment, depth, and date on the gravimetric water content for the Marsden Farm
Experiment in 2017.




treatment x depth 1 0.5343
treatment x date 7 0.0341
depth x date 7 <0.0001
treatment x depth x date 7 0.9381
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Figure 2.1 Marsden Farm on 3/28/2017. Left: Plot in the foreground was formerly in
alfalfa and was moldboard plowed the preceding fall. Plot was to be planted
to maize in early May. Right: Moldboard clod from last fall’s plow covers a
lysimeter hole, and is overturned, exposing green, moist vegetation and roots,
which remained extant well through field cultivation and planting on 5/9/17.
Table 2.2 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on the gravimetric water content for
the Marsden Farm Experiment in 2017.




treatment x proximity 2 0.6574
treatment x date 2 0.0438
proximity x date 4 <0.0001
treatment x proximity x date 4 0.0640
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Figure 2.2 Photos of the corn taken at the time of sampling. From left to right sam-
ple date and phases are: (6/20/2017), V9 stage; (7/14/2017), VT stage; and
(9/20/2017), R6 stage.
Table 2.3 Probability values from the analysis of variance evaluating effects of soil treat-
ment and depth on the plant available water, soil hardness, water stable aggre-
gates, and bulk density for the Marsden Farm Experiment in 2017.
Explanatory Variable df Plant Available Water Soil Hardness Water Stable Aggregates
treatment 1 0.1678 0.0059 0.3838
depth 1 0.2842 0.5399 0.0463
treatment x depth 1 0.4584 0.9560 0.1980
Explanatory Variable df Bulk Density
treatment 1 0.0596
depth 2 <0.0001
















































Figure 2.3 Gravimetric water content by treatment at two different depths. Shaded areas

























Figure 2.4 Gravimetric water content at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
































Figure 2.5 Plant available water by treatment with depth. Error bars represent the stan-
dard errors of the mean.























Figure 2.6 Bulk density by treatment with depth. Error bars represent the standard errors
of the mean.
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Figure 2.7 Soil resistance to penetration by treatment with depth to 43.18 cm. Shaded




























Figure 2.8 Soil resistance to penetration by treatment with depth. Error bars represent
























Figure 2.9 Water stable aggregate mean weight diameter by treatment with depth. Error
bars represent the standard errors of the mean.
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CHAPTER 3. CHEMICAL SOIL HEALTH: COMPARISON OF
CONVENTIONAL AND INTEGRATED LIVESTOCK AGRICULTURAL
SYSTEMS
3.1 Introduction
Chemical soil health is an important aspect of overall soil health in agroecosystems because it
determines the ability of soil to provide vital ecosystem services like cycling and storing nutrients,
and determines the availability of those nutrients to plant and soil life. Organic matter and mineral
surfaces are the principal sites of nutrient storage in the soil. While the area for nutrient storage on
mineral surfaces are thought to be an inherent soil property [Dominati et al. (2010)], the quantity
of soil organic matter is more susceptible to changes influenced by management and agricultural
inputs. Changes in nutrient status can be very dynamic over the course of the season, since soil
biota in agroecosystems transform multiple inputs like fertilizers, plant residue inputs, and humus
into different nutrient pools at varying rates [Jenkinson and Rayner (1977)]. This, along with
climate and moisture changes, creates temporal variation in soil chemical properties like pH and
redox, but also bio-available nutrients. Several samples throughout the season provide multiple
‘snapshots’, which are needed to capture the full picture of fluctuating nutrient pools.
Organic matter in the soil is partitioned into different nutrient pools of varying availability to
plants and microorganisms. Labile forms of organic matter decompose rapidly, while recalcitrant
forms stay in the soil for many years [Six et al. (2000), Brown et al. (2014)]. Dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN) are sourced mostly from plant litter, microbial
biomass, root exudates, and humus [Kalbitz et al. (2000)], and are thought to be the most available
forms of total soil organic carbon and total nitrogen (SOC and TN) to soil microorganisms [Bárta
et al. (2010), Rasche et al. (2011)]. Other forms of organic matter, composed mostly of humus,
remain in the soil for hundreds or thousands of years [Stevenson (1994)]. Storage of SOC in
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agricultural systems is of particular importance because of the potential for these soils to capture
and store atmospheric carbon and mitigate climate change [Lal (2004)].
Nitrogen (N) storage in agricultural systems is also of great import because it is a limiting
nutrient in soil systems and one of the most important macronutrients for crop growth [Schlegel
et al. (1996), Smil (2004)]. 80 Tg N per year of inorganic N is applied to cropping systems globally,
illustrating the importance of N to plant growth [Smil (1999)]. In row cropping systems, mineral N-
fertilizer is conventionally applied in spring. During this time of year, plants are not yet established
to take up the N, and seasonal rains are frequent. Since nitrate is highly mobile in water, N is
easily leached from the soil through drainage tiles and into waterways during this time of year
[Randall and Vetsch (2005)]. Loss of these nutrients pose a great economic loss to farmers [Matson
et al. (1998)], and negative environmental impacts. Nitrate losses from agricultural systems in
the Midwestern USA contribute to algal blooms, impact aquatic life in the Mississippi River, and
contribute to a dead zone in the Gulf of Mexico that is 10,500 km2, or three times the size of Rhode
Island [Rabalais et al. (2002), Rabalais et al. (2007)].
Instead of being exclusively applied as mineral fertilizer, N can be added to the soil in organic
forms with legumes and manures [Smil (2004), Beegle et al. (2008)]. Symbiotic relationships with
rhyzobia enable legumes, like alfalfa, to fix 125 - 148 kg per ha from the atmosphere in exchange
for giving carbon to the plants [Kelner et al. (1997), Bruulsema and Christie (1987)]. Organic N
from legumes and manure, is more stable than nitrate and less likely to be leached in spring, and is
also a great, high-quality, low C:N nutrient source for soil biota. In consuming more labile nutrient
sources, microbes may contribute to soil organic matter stabilization [?)], and my also build biomass
more efficiently. Dissolved organic N (DON) has been theorized to be a more efficient food source
for microbial anabolism because its C:N ratio occurs in proportions that better match microbial
stoichiometery [Taylor and Townsend (2010), Manzoni et al. (2012)].
Management changes that alter soil organic matter, also affect overall nutrient storage. Many
essential nutrients are positively charged cations, which bond to negatively charged surfaces of
organic matter and mineral fractions. The capacity for soil to store these cations depends on the
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number of negatively charged sites available, or the soil cation exchange capacity (CEC). CEC is
generally thought of as an inherent soil property [Dominati et al. (2010)], though it can be increased
over time with increasing SOC levels [Helling et al. (1964)]. Low pH decreases the ability of cations
to bond to these sites and their availability to plants and microbes [Edwards et al. (1992)]. pH is
also positively correlated with the release of dissolved organic matter [You et al. (1999), Chantigny
(2003)], and is thus another important chemical factor to manage in agroecosystems.
Changes in agricultural systems in the last several decades, have altered the chemical compo-
sition of agricultural inputs, and soil nutrient cycling. Before WWII, N was added to fields via
inclusion of N-fixing alfalfa into crop rotations, crops were fed to livestock, and manure was used
as another important N source [Anderson et al. (2016), MacDonald and McBride (2009)]. After
WWII, the same Haber-Bosch process used for war-time ammonia explosives was used to produce
N-fertilizer [Boody and DeVore (2006), MacDonald and McBride (2009)]. Crop rotations and or-
ganic amendments that enhanced soil fertility and biological activity prior to WWII [Dick (1992)],
were replaced with cash grain systems that were highly dependent on synthetic N-fertilizer for crop
productivity [MacDonald and McBride (2009)]. Agricultural inputs, consequentially, have changed
in chemical composition, and have become highly simplified [Boody and DeVore (2006), MacDon-
ald and McBride (2009)]. This simplification of carbon and nutrient inputs to soil has impacted
soil biodiversity [Tsiafouli et al. (2015) Verbruggen et al. (2010)], and reduced the ability of soil
to provide ecosystem services like supplying nutrients, stabilizing soil carbon, and maintaining soil
structure [Emmerling et al. (2001), Wyland et al. (1995), Lundquist et al. (1999), Kallenbach and
Grandy (2011), Riley et al. (2008)].
Conventional Midwestern agricultural systems employ low crop rotation diversity, and depend
heavily on artificial N fertilizers and herbicides. While very productive, current conventional crop-
ping systems pose environmental risk and diminish soil resources, resulting in economic loss to
farmers [MacDonald and McBride (2009), Turner et al. (2002), Montgomery (2007), Dick (1992)].
In Central Iowa, an alternative system at the Marsden Farm Experiment (MFE) combines the mod-
ern genetics, fertilization, and technological advances that have increased crop yields five-fold in the
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last century [Egli (2008)], with elements of low-external input cropping systems implemented prior
to WWII. Management practices of low-external input systems include extended crop rotations,
and organic amendments like manure and green-manure, which help feed soil biota that are drivers
of many soil functions and contribute to the transformation and stabilization of organic matter [Six
et al. (2004)]. While technological advances have increased historic crop yields substantially, sim-
plified inputs used in conventional cropping systems today do little to feed and support a healthy
soil biota, and thus, crops in these systems may not be realizing the full benefits of their ecosystem
services. It may be that enhanced soil health in this alternative, economically viable [Hunt et al.
(2017)] cropping system at the MFE, enables the system to achieve 4% greater corn yields and 19%
greater soybean yields, despite a 91% and 86% reduction in N-fertilizer and herbicide, compared to
the conventional, low-diversity systems of today [Davis et al. (2012), Hunt et al. (2017), 2017 MFE
Field Notes].
Other experiments have also found that yields increase with increasing diversity of crops in the
rotation, a phenomenon called ‘the rotation effect’ [Davis et al. (2012), Bennett et al. (2012), Hunt
et al. (2017), Van Doren et al. (1984)]. Many theories have been put forth to explain this effect,
including pest and weed reduction, enhanced soil fertility, and increased biologic activity [Reeves
(1994), Liebman and Dyck (1993), Liebman and Ohno (1998), Copeland and Crookston (1992),
Rusch et al. (2013), Edwards et al. (1992), Blanco-Canqui et al. (2010), Campbell et al. (1998),
Wright and Hons (2005), McDaniel and Grandy (2016), Acosta-Martinez et al. (2007), Ekenler and
Tabatabai (2002)]. The mechanisms of this phenomenon, however, are not well understood, but
could be a product of soil health enhancement.
The purpose of this chapter is to comprehensively assess chemical soil health in a conventional
and economically viable alternative cropping system experiment that has been in place for 15 years.
Measured indicators include: nine plant available nutrients (Al, Ca, Cu, Fe, K, P, Mg, Mn, and
Zn), CEC, SOC, TN, the ratio of SOC to TN (C:N), soil water nitrate, pH, DIN as nitrate and
ammonium, DOC, DON, and TDN. The latter five tests will also be used to investigate the spatial
variability of nutrient resources along a gradient of root influence at the rhizospheres and bulk soils
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of these two systems. Nitrate in soil water collected beneath the plots was used as a proxy for nitrate
leaching potentials in each system. Better mechanistic understanding of plant-soil interactions in
crop rotations, and the impact that conventional cropping systems have on soil chemical processes
will better inform management practices and policy for the protection of water and soil and its vital
ecosystem services, and for realization of soil health improvement potentials in current conventional
management practices throughout the Midwest.
3.2 Methods
3.2.1 Site Characteristics and Experimental Layout
This study took place at the Marsden Farm experiment (MFE) in 2017. The MFE is a long-
term, Iowa State University experimental plot in Boone, IA. The latitude, longitude, and elevation
are 42◦01’ N, 93◦47’ W, and 333 m above sea level, respectively. The historical mean annual
moisture is 32.3 mm, with most rain falling (43%) during the spring and autumn (Figure 4.4) [ISU
Environmental Mesonet (2017)]. The mean annual high temperature is 15.3◦C [ISU Environmental
Mesonet (2017)]. Soils are Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludolls),
Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic Hapludolls), and Webster silty clay
loam (fine-loamy, mixed, superactive, mesic, Typic Endoaquolls) [Liebman et al. (2008), and Davis
et al. (2012)].
Since establishment in 2002, the MFE has compared the agroecosystem performance of different
cropping systems. The two systems analyzed in this study were the following: (1) a conventional,
N-fertilized, 2-year rotation of corn (Zea mays L.)-soybean (Glycine max L.), and (2) a manure +
reduced N-fertilized, 4-year corn-soybean-small grain + alfalfa (Medicago sativa L.)-alfalfa rotation.
Between corn harvest and soybean planting, fall chisel plowing and spring cultivation was applied
in both systems. Shallow cultivation was used to prepare seed beds before planting the small-grain
and the first year of alfalfa. After the final year of alfalfa, before corn planting, there was a fall
moldboard plowing and spring disking and cultivation. In the 2-year system, N as urea ammonium
nitrate (UAN) was broadcast at 112 kg per ha (100 lbs per acre) on May 8, 2017, and on June
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13, 2017, an additional 45 kg per ha (40 lbs per acre) UAN was side-dressed. The 4-year system
received only side-dressed UAN at 34 kg per ha (30 lbs per acre). On April 11, 2017, both systems
received 84 kg per ha P (75 lbs per acre), 45 kg per ha K (40 lbs per acre), and 28 kg per ha
S (25 lbs per acre). Alfalfa grown prior to corn in the 4-year rotation contained approximately
134 kg per ha N (120 lb per acre), and manure inputs applied during fall moldboard plowing were
approximately 120 kg N per ha (107 lbs per acre), 58 kg P per ha (51 lbs per acre) and 122 kg K
per ha (109 lb per acre) [manure estimates from Davis et al. (2012)]. The MFE is a randomized
complete block design experiment in which each rotation is represented in all phases, at all times,
in each of four replicated blocks. The dimensions of each plot are 18 x 85 m. More information
about the management of the MFE can be found at [Liebman et al. (2008), and Davis et al. (2012)].
3.2.2 Soil Sampling
Monthly soil sampling took place during the corn phase of both rotations during the 2017
growing season. For each of eight sampling events between April-November 2017, five soil cores
were randomly sampled to a depth of 30 cm in each of four experimental replicates, sub-divided
into 0-15 cm and 15-30 cm depths, and each depth homogenized. Samples were placed on ice
in plastic bags, in a cooler, returned to the lab, sieved at two diameters: 0-2 mm, and 2-8 mm,
and refrigerated. Chemical soil health tests performed on these sample dates included dissolved
inorganic N, total dissolved N, and dissolved organic C. pH, CEC, plant available nutrients, SOC
and TN were performed only on a single monthly sample date.
Three times during the growing season, a separate sampling of the interrow, row, and rhizosphere
soil took place - also referred to as ‘rhizospatial sampling’. This rhizospatial sampling used what
has been called the ‘shovel and shake’ method of collecting soils [Boyle and Shann (1995), Gomes
et al. (2003), Angst et al. (2016)]. In this method, soil samples were taken from each treatment in
the corn phase at three distances from the root, with the intention of sampling across a gradient of
corn root influence. Interrow soil was considered soil with low corn root influence, and was sampled
with a soil probe from 0-15 cm depth. Five cores from each treatment replication were homogenized
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to obtain a single representative sample of interrow soil. Four corn plants were then trimmed to
approximately 15 cm height, and unearthed with a shovel. The root-soil masses were shaken into a
sanitized tub, and fallen soil was collected and designated as soil from the row, with an intermediate
influence from the root. Next, soil that remained adhered to the root after vigorous shaking was
carefully removed by lightly pinching aggregates so that the soil was removed without shearing root
epidermal or root hairs, and this was designated as rhizosphere soil, under the greatest influence of
corn roots. After interrow, row, and rhizosphere soils were collected from four corn plants in each
treatment replication, they were each homogenized in respective plastic tubs, transferred to Ziploc
bags, and stored on ice packs in a cooler. These soil samples were collected in this manner from
both treatments in all four of the treatment replicates. Rhizospatial sampling occurred on three
dates: 6/20/17, 7/14/17, and 9/20/17. The respective developmental stages of the corn during
these dates were V9, VT, and R6 (Figure 2.2). Soils were then transported to the lab and stored
in a refrigerator for 2-4 days. Soils were sieved at 2 mm. Chemical soil health parameters tested
on this soil were dissolved inorganic N (DIN), TDN, and DOC.
3.2.3 Plant Available Nutrients, pH and Cation Exchange Capacity
Soils for plant available nutrients aluminum, calcium, copper, iron, potassium, magnesium,
manganese, phosphorus, and zinc were collected in November 2017, air dried, and extracted ac-
cording to Mehlich (1984). Results for plant available nutrients are not discussed in this chapter,
but graphs and ANOVA results can be found in the appendix. Soil pH was measured with HQ430D
Laboratory Single Input pH glass electrode probe in both water and in 0.01 M CaCl2 according
to Thomas (1986). CEC was determined for soils collected in November 2017 using ammonium
acetate extractions for K+, Ca2+, Mg2+, and Na+. Extractions were analyzed using inductively
coupled plasma mass spectrometry in the Iowa State Soil And Plant Analysis Lab. Effective CEC
was then calculated using the summation of cations as outlined in Sumner and Miller (1996).
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3.2.4 Soil Organic Carbon and Total Nitrogen
Soils collected in November 2017, which were sieved at 2 mm, were air dried, ball milled,
and oven dried at 105◦C for two days. 10–15 mg of soil was then combined with equal or larger
parts of tungsten oxide catalyst and combusted in the presence of oxygen using an Elementar vario
MACRO. Soils at 0-30 cm are absent of CaCO3 [Poffenbarger et al. (2017)], thus no acid fumigation
was performed prior to combustion. SOC and TN were interpreted as the CO2 and N gas emissions
produced during combustion.
3.2.5 Dissolved Inorganic Nitrogen (NH4
+ and NOX) and Soil Water Nitrate
DIN was comprised of both ammonium and nitrate, extracted with a 2 M KCl solution and
filtered with an 11 µm filter from fresh soils refrigerated for no more than a week. Sample extractions
were stored in the freezer at -20◦C until analysis. Ammonium and nitrate were detected with
spectroscopy according to Sinsabaugh et al. (2000), and Doane and Horwath (2003), respectively.
Nitrate was also measured in this way for soil water sampled biweekly from suction cup lysimeters
installed 1.2 m below three out of four of the measured experimental replicates.
3.2.6 Dissolved Organic Carbon, Total Dissolved Nitrogen and Dissolved Organic
Nitrogen
Soils were refrigerated for no more than a week. Next, 5 g of soil sieved at 2 mm was left in
the dark at 25◦C for 24 hours. Samples were then extracted with 25 mL of 0.5 M K2SO4, shaken
for 1 hour, let to sit for 30 minutes, and filtered through an 11µm Whatman No. 1 filter. Sample
extractions were then stored in the freezer at -20◦C until analysis. DOC and TDN were analyzed
simultaneously using the Shimadzu TOC-L TNM Analyzer. Upon preparation for analysis, samples
were acidified with 200 µL of phosphoric acid to remove possible carbonates. DON was calculated
as the difference between TDN and DIN.
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3.2.7 Statistical Analysis
Statistical analysis was performed using linear mixed-models. For singular sampling events,
block, treatment, soil depth, and treatment x depth interactions were fixed effects, and the block x
treatment interaction was a random effect. All repeated measures included three or more dates, and
were applied to both samples taken at discrete soil depths, and at discrete rhizosphere proximities.
For response variables tested at discrete soil depths, the same linear mixed-model as shown above
was run, except date, treatment x date, depth x date, and depth x date x treatment were added
fixed effects, and an additional random effect for the treatment x depth x block interaction was
included. The model for response variables tested at different distances from the rhizosphere was
the same as that for discrete depths, except that proximity replaced depth in all factors including
depth. The R package lme4 was used to fit the model, and lmerTest was used to generate an anova
using Satterthwaite’s degrees of freedom and Type III sums of squares. The R package emmeans
was used for pairwise comparisons and p-value corrections. Significant alpha values were set at
<0.05, and marginally significant at <0.1.
3.3 Results and Discussion
3.3.1 pH and Cation Exchange Capacity
In this experiment, pHCaCl ranged from 5.32 - 7.29 and was significant by treatment, depth,
and had a treatment x depth interaction (Table 3.1; Figure 3.1). pHCaCl was only significantly
different at the surface, and was 13.4% (p<0.03) and 7% (p<0.11) more alkaline in the 4-year
system at 0-15 cm, and 15-30 cm, respectively. Soil acidification is an observed phenomenon of
increased N-fertilization [Edwards et al. (1992)], and likely contributed to the low pHCaCl in the
2-year system. Reports from Aula et al. (2016) saw significant correlations in pH and N-fertilizer
applications above rates of 45 kg per ha. At a rate of 34 kg per ha side-dress, the 4-year system,
on the other hand, may not have applied N-fertlizer at a rate high enough to decrease soil pH.
Additionally, the 4-year system is manured, which can reduce acidification in mineral N-fertilized
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treatments compared to the treatments fertilized without manure [Aula et al. (2016), Rezig et al.
(2013), and Sun et al. (2015)]. Cattle manures are rich in CaCO3, which reacts with and neutralizes
H+, effectively increasing pH in manure-amended soils [Eghball (1999)].
A more neutral soil pH is critical for availability of nutrients. It has been demonstrated that a
pH increase of 0.5 can increase the DOC from humic substances by 50% [Tipping and Woof (1990)],
an effect corroborated in other studies [You et al. (1999), Chantigny (2003), Kalbitz et al. (2000)].
Since the average pHCaCl in the 4-year system is approximately 0.9 units greater than the 2-year
system, this could be a major contributor to the significantly greater dissolved organic matter seen
in the 4-year system, compared to the 2-year system. Significantly higher pHCaCl in the 4-year soil
(shown above) suggests an enhanced availability of essential nutrients for plant nutrition [McCauley
et al. (2009)], and dissolved organic matter to provide an energy source to microbial biomass [Sun
et al. (2015)]. These nutrients are discussed below.
pH measured at a gradient of root influence ranged from 5.46 - 8.09, was significant by treatment,
and date and had a treatment x proximity interaction (Table 3.2; Figure 3.13). The pH was lowest
for both treatments in September. Over all dates, soils in the 2-year treatment were 14% more
acidic than the 4-year system (p<0.05), and the rhizosphere reduced the pH slightly in the 4-year
system, but had little influence on the 2-year system. This may have been a result of the 4-year
system having a low background [H+], that is more sensitive to the excretion of H+ ions and
other acidic root exudates [Dakora and Phillips (2002), Loss et al. (1993), Hinsinger et al. (2003)],
whereas high background acidity from broadcast fertilizers in the 2-year system could mask any
root-induced acidification. The capacity of soil to store H+ ions from the soil solution, can buffer
a soil against acidification. CEC allows the soil to do just that.
CEC is not only important as a buffer against low pH, it also is a measure of soil storage
capacity for essential cations. CEC in this study ranged from 29.63 - 43.77 meq per 100 g soil, and
was 15.9% greater in the 4-year system than in the 2-year system (p<0.002; Table 3.1; Figure 3.2).
While a large effective CEC can buffer against soil acidification, the storage capacity of effective
CEC diminishes in acidic soils, when H+ ions compete with other essential cations for bonding
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cites [Helling et al. (1964)]. The combination of the significantly greater CEC and pH in the 4-year
system, enhances the ability of the soil to store essential plant nutrients and make them available,
which contributes to overall soil health in the 4-year system. CEC is generally thought of as an
inherent soil property, though management can increase CEC over time via increases in SOC levels
[Helling et al. (1964)], or adjusting pH through liming [Coleman et al. (1959)].
3.3.2 Soil Organic Carbon and Total Nitrogen
Changes in CEC in the 4-year system, may indeed be on account of increased average SOC
levels. SOC ranged from 39.2 - 91.3 Mg per ha, and was significantly different with depth, and
had a depth x treatment interaction (Table 3.1, Figure 3.4). This indicated that more SOC was
found at the surface than at depth in the 2-year system, but that the 4-year treatment had similar
SOC contents at both depths. Soil organic C was not significantly different by treatment at either
depth, but over both depths, SOC was on average 29.1% greater in the 4-year system than in the 2-
year system (p=0.185, Figure 3.4). Crop rotation diversity, including legumes, and animal manure
application, all used in this experiment, have been associated with increases in SOC [Campbell
et al. (1991), Karlen et al. (2006), He et al. (2015), Angers (1992), Maillard and Angers (2014)].
In general, greater C inputs increase SOC [Paustian et al. (1997)], however plants with deeper
rooting structures also have been found to increase SOC, because mineral fractions deeper in the
soil can stabilize carbon on its surfaces [Berhongaray et al. (2019)], and because deeper soils contain
fewer labile substrates, and microbial biomass to help decompose SOM at this depth [Fontaine et al.
(2007), Rumpel and Kögel-Knabner (2011)]. Alfalfa is a legume with extensive rooting depths
between 1.8 - 3 m [Mathers et al. (1975), Weaver and Bruner (1926)]. Corn can have a rooting
depth up to 1.8 m, with most of the root density in the top meter [Weaver and Bruner (1926)].
Soybean is also a legume, but has a shallow root system that reaches only 1.3 m [Allmaras et al.
(1975)]. In addition to deep rooting systems, alfalfa also has a greater planting density than corn
or soybean. Greater average SOC found at the deeper depths in the 4-year system may partially
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be a product of deeper, denser roots, that easily encounter mineral fractions in horizons with fewer
microbes.
After 15 years of management, SOC appears to be accumulating in the 4-year system, but this
is a slow process, and may just be beginning to appear. In 2011, Lazicki et al. (2016) found no
significant difference in SOC at 0–20 cm. In 2014, Poffenbarger (2017) found similar results to
Lazicki et al. (2016) at a depth of 0–90 cm. In similar, but older cropping system experiments in
Iowa, however, Poffenbarger (2017) found other alfalfa-containing 4-year cropping systems signifi-
cantly increased SOC by 6-23% compared to conventional cropping systems. Accrual of SOC is a
slow process, and the combination of high spatial variability and large pre-existing levels of SOC
in central Iowa soils (2-7% SOC) [Al-Kaisi and Kwaw-Mensah (2017)] makes SOC accrual either
difficult to detect [Goidts et al. (2009), Falloon and Smith (2003)], or impossible due to potential
C saturation [Stewart et al. (2007)].
Changes in TN between systems were more distinct than for SOC, but similar distributions of
SOC and TN in the soil profile may have also been influenced by alfalfa roots. TN ranged from 3.06
- 5.84 kg per ha and was significantly different with depth, and had a depth x treatment interaction
(Table 3.1). TN was 14.2% greater (p=0.193) at the surface and 18.9% greater (p=0.058) at 15-
30 cm in the 4-year system, than in the 2-year system. Mineral fertilizer additions used in both
systems increase TN [Aula et al. (2016)], and Ortas et al. (2013) found few differences in TN for
systems that use either mineral fertilizer or manure. TN in the 4-year system, however, may have
increased on account of the use of both manure and fertilizer N additions– a practice found in some
experiments to be more effective at raising TN levels than using either alone [Sun et al. (2015),
McGill et al. (1986)].
Deep alfalfa roots may have also contributed to a greater TN at the deeper depth in the 4-year
system than the 2-year system (Figure 3.11). In addition to adding C at deep depths, alfalfa roots
are also adept at accessing nitrate from below the soil surface that other crops in these rotations do
not effectively reach. Kelner et al. (1997) found that both the ability of alfalfa to fix atmospheric
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N2, and reach deep nitrate reserves allowed for 2
nd year alfalfa stands to add 148 kg N per ha, and
benefit N status significantly.
The ratio of SOC to TN (C:N) ranged from 11.76 - 18.45, and was significant by depth (Table 3.1;
Figure 3.5). Though treatment differences were not significant, on average, the 4-year treatment
was 11.9% and 7.4% greater in C:N than the 2-year system, at the shallow and deep depths,
respectively. This was opposite to the findings of Tian et al. (2010), who found that a conventionally
fertilized system had a significantly larger C:N compared to an integrated livestock system. The
conventional rotation in that North Carolina experiment however, included three crops in rotation,
and the added crop diversity, and different quality of inputs, may have contributed the differing
result. Still, perhaps, there is less importance to the ratio of soil C:N for soil function, and more to
the overall quantities of SOC and TN in the soil. Sun et al. (2015) found significantly greater SOC,
TN, and average C:N ratio in a mixed cattle manure and mineral fertilized treatment, compared
to the conventionally fertilized treatment, and concluded that the bacterial community was well
correlated to crop yield, soil SOC and TN, but not to soil C:N. These are similar results to the
trends in the 2-year and 4-year treatments in this experiment, though additional analysis is needed
to corroborate the correlations.
C:N has also been used to explain system dynamics. In other systems, wide C:N corresponded
to increased DOC concentrations in natural terrestrial and riverine systems [Gödde et al. (1996),
Aitkenhead and McDowell (2000), and van den Berg et al. (2012)]. van den Berg et al. (2012)
postulated that large soil C:N ratios limit available DOC mineralization, and overall DOC concen-
trations increase as a result. This may have been a mechanism for the increases in DOC observed
in the 4-year system.
3.3.3 Dissolved Organic Carbon and Dissolved Organic Nitrogen
Seasonal DOC ranged from 16.6 - 261.8 mg C per kg soil, and had a treatment x date interaction
(Table 3.3). The range in DOC found in this study is comparable to other studies that have
measured DOC over time [Jamison and Kroth (1958), Jones and Willett (2006), Filep and Rékási
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(2011)]. DOC was, on average, 157.2% greater in the 4-year system than the 2-year system on all
dates and depths with moderate significance (p<0.1), except in April. DOC was especially stable
over the season at the deeper soil depth, and the sampling variability is notably larger in the 4-year
than in the 2-year system (Figure 3.6). The large variability in the 4-year system compared to the
2-year system throughout the season was an interesting pattern that was also observed across root
proximities. The seasonal DOC and DON at the deeper depth less variable than that at the soil
surface, which is in agreement with [Qualls and Haines (1991) and Chapman et al. (1995)]. The
decrease in microbial biomass found at the deeper depth is a likely contributor to this observation,
as well as the more variable temperature and moisture fluxes at the soil surface [Kalbitz et al.
(2000)].
The manure fertilization used in the 4-year system is likely largely responsible for the increases in
DOC. It is well documented that regularly manured and residue amended soils have greater dissolved
organic matter than soils that do not receive manure or residue [Li et al. (2018), Beegle et al. (2008),
Mallory and Griffin (2007), Lundquist et al. (1999)]. There is, however some contrasting findings
about the DOC in systems that receive both manure and N-fertilizer, and those that receive only
N-fertilizer. Contrary to this experiments findings, Sun et al. (2015) found that manure and N-
fertilized plots had lower DOC than plots fertilized with synthetic N-fertilizer alone. Tian et al.
(2010), however, observed the DOC in systems both fertilized and manured, was greater than in
the conventional systems. This effect was also observed for both DOC and DON in Long et al.
(2015).
Some marked similarities between the 4-year system and that in Long et al. (2015) were that
manure applications in Long et al. (2015) were not only associated with a larger DOC and DON,
but also an increase in water content, all of which probably contributed to a significant increase in
microbial biomass. Similarly, in the 4-year system there was a 14% greater average water content,
and 62% greater microbial biomass C also seen in the 4-year system (See Chapter 2 and 4). Soil
microbial biomass not only uses dissolved organic matter as a source of energy and nutrients, but
46
due to its rapid turnover, it is also itself a large contributor to dissolved organic matter [Kalbitz
et al. (2000), Williams and Edwards (1993)].
DOC tested on soils at a gradient of root influence showed significance by root proximity and
date, and had treatment x date and proximity x date interactions (Table 3.2). Average DOC was
greater in the 4-year treatment than the 2-year, at all proximities, for all dates (Figure 3.14), and
was lowest at the end of the season. Greater DOC was found in the 4-year treatment than the
2-year treatment, with moderate significance (p<0.08) on 6/20/17 at all proximities, and in the
rhizosphere on 9/20/17. This suggests more carbon availability for microbial consumption early in
the corn growth cycle and in the rhizosphere during corn senescence in the 4-year system than the
2-year system. The more evenly distributed DOC at all root proximities in the 4-year system shows
that there is greater distribution of DOC available for microbial consumption, and less microbial
dependency on rhizodeposits for carbon.
DON ranged from 0 - 49.6 mg per kg and had a treatment x depth interaction. Over all
dates, DON was 37.8% and 295.7% greater in the 4-year system at 0-15 cm (p<0.08) and 15-
30 cm (p<0.0012), respectively, for an overall treatment effect of p<0.02. This indicates a high
stratification in the 2-year system compared to the 4-year system (Table 3.3, Figure 3.7). After N-
fertilization in May, there was a notable increase in DON in the 2-year system, without an associated
change in DOC. Increase in DON after fertilizer, without a decrease in DOC pool was also found
in Currie et al. (1996) and McDowell et al. (1998), though the mechanisms for this ‘priming’ of
DON from fertilization are not understood [Chantigny (2003)]. DON increased at both depths and
in both treatments at the end of the season, corresponding to precipitation events, and microbial
biomass increases in October (Figure 4.4, Figure 4.3). Greater DON in the 4-year system was
consistent with greater DON levels found in less intensified agricultural systems compared to more
intensive systems in Christou et al. (2005), and Tian et al. (2010). DON generally increases with
N-fertilizer amendments [Currie et al. (1996), McDowell et al. (1998)], however, the addition of both
manure and N-fertilizer, increases DON more than mineral fertilizer additions alone. Compared
to systems fertilized with mineral fertilizer alone, both manure and mineral fertilized systems had
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143% greater DON [Sun et al. (2015)], and has been found to correlate well to microbial biomass
and yield increases. With respect to distance from the rhizosphere, DON was significant by date
(Table 3.2; Figure 3.15). Average DON in the 4-year system was greater at all dates and proximities,
than in the 2-year system, with the exception of the interrow on 7/14/17. The 92% greater DON
in the rhizosphere of the 4-year system compared to the 2-year system, shows that there is more
DON and DOC available for microbial mineralization at the root in the 4-year system. This could
avail the plant vital N resources without the need of the plant to support soil microbes with C
rhizodeposits.
3.3.4 Dissolved Inorganic Nitrogen (NH4
+ and NOX)
Soil DIN ranged from 1.15 - 97.07 mg per kg, and DIN was significant by depth and date and had
a depth x date interaction (Table 3.3). DIN consisted of >90% NOX. It is not a surprise then, that
soil nitrate similarly ranged from 1.07 - 54.32 mg per kg, and also was significant by depth and date
and had a depth x date interaction (Table 3.3). Though there was not a significant difference by
treatment, the seasonal DIN was 52% and 21% lower in the 4-year system than the 2-year system
at the shallow and deeper depths, respectively (p=0.452, Figure 3.8). This was consistent with
findings in King and Hofmockel (2017), where DIN did not differ between these same two cropping
systems. The trend of greater nitrate in the 2-year system is in partial agreement with nitrate
increases seen in intensive systems of regularly applied N-fertilizers [Sun et al. (2015), Christou
et al. (2005)]. Sun et al. (2015) contrarily found, however, that nitrate increased further when
both N-fertilizers and manure were used. In this system, nitrate decreased on average in the 4-year
system receiving both manure and synthetic N-fertilizer.
DIN variability was most marked in the soil surface, reaching its greatest value both after N-
fertilizer application, and during the hot, dry summer months. These peaks were more dramatic
in the 2-year system. DIN in the 2-year system increased to its highest level after broadcast
fertilization in May, an effect commonly seen after N-fertilizer application [McDowell et al. (2004)].
This fertilization peak was almost 40% ammonium, and 60% nitrate (Figure 3.10, Figure 3.9). In
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August, one of the hottest and driest months, DIN rose to its second highest point of the season,
and consisted of 18% ammonium, and the remainder nitrate. These findings are consistent with
Randall et al. (1997), who reported that NO3-N peaked during dry years in perennial conservation
reserve program lands, alfalfa, corn, and corn-soybean rotations, but was especially high in a row-
crop system. Ammonium was below detection, or very close to zero at all other times of the season,
especially in the deeper soil, and especially in the 4-year system. This was opposite of findings in
Christou et al. (2005), where it was found that more intensive agricultural systems were dominated
by nitrate, and low-input systems by ammonium.
With respect to the distance from the rhizosphere, DIN sampled at a gradient of root influence
was significant by treatment, proximity and date (Table 3.2; Figure 3.16). DIN was greater in
the 2-year system than the 4-year system (p<0.015). The N-fertilizer side-dressing presents itself
as increased DIN in the interrow in both systems, making the interrow significantly greater than
the row or rhizosphere (p<0.0001). These trends varied little with date. DIN was comprised
of over 92% nitrate, with the exception of the interrow on 7/14/17, when there was a localized
pool of ammonium, which made up nearly 12% of the DIN on that date and at that proximity
(Fig 3.17, Fig 3.18). Ammonium was below detection, or very close to zero, for nearly all other
dates and proximities to the root. Without influence from interrow fertilizer, the trends in the row
and rhizosphere suggest that DIN is greater in the 2-year system on 6/20/17 and on 7/14/17, but
slightly greater in the 4-year system than the 2-year system on 9/20/17.
3.3.5 Total Dissolved Nitrogen
Total dissolved nitrogen ranged from 2.09 - 164.3 mg per kg, was significant by depth and
had treatment x depth interaction (Table 3.3). Over the season, TDN in the 4-year system was
reduced by 37% at the surface (p<0.04, Figure 3.11). Compared to DON, DIN was more variable,
consistent with Christou et al. (2005). The TDN spike in the 2-year system during May coincided
with fertilizer N broadcast in the 2-year system, which resulted in an increase in both DON and
DIN. Another TDN peak in this system occurs in August, which is mostly driven by an increase
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in DIN. The 2-year system had a significantly greater TDN throughout the season, and mineral N,
as nitrate, was the predominant form, surpassing DON in both systems. However, the proportion
of TDN as DON indicated that the 4-year system depends more on the mineralization of organic
N than does the 2-year system. Storing more TDN as DON, and in significantly larger pools of
microbial biomass (See Chapter 4), reduced the average standing nitrate pool in the soil in the
4-year system by 45%, compared to that in the 2-year system (Figure 3.9). In the 4-year system,
DON accounts for 44% of TDN at the surface soil, and 53% at 15-30 cm. The TDN in the 2-year
system, however, was comprised of 25% DON at the surface, and 10% at 15-30 cm. Christou et al.
(2005) agreed with this result, finding that a greater DON as a fraction of TDN was characteristic
of less intensified systems across 94 various agricultural sites throughout Hungary.
TDN measured at a gradient of root influence was significant by proximity and date, and had
a treatment x proximity and proximity x date interaction (Table 3.2; Figure 3.19). In general,
TDN is lowest in the row and rhizosphere, and highest in the interrow for all treatments and dates.
Treatment differences at the interrow only were significant on 7/14/17. The significant increase
in TDN in the interrow of both systems is a result of N-fertilizer side-dressing, applied June 13th.
In the row and rhizosphere, where there was not an influence of localized N-fertilizer, the average
TDN in the 4-year system was 37% greater than the 2-year system.
3.3.6 Soil Water Nitrate
Nitrate N in lysimeter water collected from a depth of 120 cm ranged from 0.93 - 32.60 mg
per L, and differed significantly by date and had a date x treatment interaction (Table 3.4). Soil
water nitrate in the 4-year treatment was 57% lower than in the 2-year treatment only on 4/27/17
(p<0.005), early in the season. Soil water nitrate levels showed no differences between treatments
on the remaining collection dates (Figure 3.12). Seasonal rains in spring make this time of year
one of the most crucial times for immobilization of nitrate, because the soil at this stage in a
conventional row crop system is bare, broadcast N-fertilizer has been applied in the 2-year system,
and is vulnerable to leaching. Randall and Vetsch (2005), found that 71% of annual drainage and
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75% of annual nitrate losses occur between April and June. Though samples were not from tile
drains, and total flows were not obtained, the reduction of nitrate in the soil water suggests that the
reduction in leached nitrate could be substantially reduced with the implementation of the 4-year
system. Similar findings at this same site showed spring nitrate concentrations between 2004-2011
were 56% lower for the entire season under corn following alfalfa in the 4-year system, than under
corn following soybeans in the 2-year system, and by 76% during the spring [Tomer and Liebman
(2014)]. The summer was very dry (Figure 4.4), with little-to-no lysimeter water until October.
By this time, the soil water nitrate levels at 120 cm were below 10 mg per L.
Part of the reason for the reduction in soil water nitrate levels could be a result of the alfalfa
plants grown the previous year. Kiesselbach et al. (1929) found that alfalfa is capable of draining
water and nitrates up to a depth of 11 m. The reduction in nitrates in spring could be a residual
effect of alfalfa decreasing residual nitrate, especially deeper in the profile where other row crops
do not have access [Kelner et al. (1997), Mathers et al. (1975)]. The subsequent summer rise in
nitrate in the 4-year system may have been a result of mineralization of low C:N ratio alfalfa plant
tissues [Peterson and Russelle (1991), Robbins and Carter (1980)], and of June side-dressing of
N-fertilizer.
Manure amendments in different experiments have shown contrasting results with respect ni-
trate leaching. Sun et al. (2015) found that it was important for decreased leaching because it
increased pH, and others found that it increased N leaching by between 6% and 200% [Basso and
Ritchie (2005), Goulding et al. (2000)]. Manuring in the 4-year system might also contribute to
decreases in nitrate leaching by supporting a greater microbial population. Without the presence
of microorganisms to immobilize N, nitrate leaching has been shown to increase in soils grazed by
larger soil fauna [Setälä et al. (1990), Huhta et al. (1988)]. Since manure application is associated
with increased microbial abundance [Peterson and Russelle (1991), Edwards and Lofty (1982), Ri-
ley et al. (2008), Schon et al. (2016)], and is demonstrated to be 71% greater in the 4-year system,
microbial immobilization of nitrates could play a major role in reducing nitrate leaching in the
diverse system (See Chapter 4, Figure 4.3).
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3.4 Conclusion
Lower rates of synthetic N-fertilizers, adding manure, and incorporation of deep-rooted legumes
implicated greater overall chemical soil health in the 4-year diversified cropping system compared to
that of the conventional 2-year system. The 4-year system significantly decreased soil acidification
that may have been caused by conventional rates of N-fertilizer application, and increased soil
CEC by 15.9% in the diversified system, increasing nutrient availability and storage. The 4-year
system showed promise for C sequestration, increasing average SOC stocks by 29.1%, especially
at depth, where chances of mineral surface stabilization are greatest. Total N status of the soil
was significantly enhanced with more even distributions of N in the soil profile. DOC and DON
were increased by 157.2% and 166.8%, and were better distributed both with regard to proximity
from the root, and depth, suggesting that nutrient availability for microorganisms is expanded
beyond the rhizosphere and soil surface. A greater proportion of TDN in the 4-year system was
composed of DON, indicating that the 4-year system depended more on microbial mineralization of
N. This effectively reduced the average standing nitrate pool by 45%, and may have contributed to
significant reductions in nitrate leaching potential in the 4-year system during the time of greatest
seasonal leaching vulnerability. This alternative, diversified system has improved soil chemical
conditions for available nutrients, microbial activity, nutrient storage, and cycling, and reduced
water quality impairment potentials in the Midwestern USA. These results highlight the importance
of policy makers, food corporations, land owners, and consumers to consider methods of encouraging
the reintegration of forage perennials, diverse grains, and livestock into Midwestern agroecosystems.
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Figure 3.1 pH by treatment at two different depths. Shaded areas around the lines indicate
the standard errors of the mean for each date.
Table 3.1 Probability values from the analysis of variance evaluating effects of soil treat-
ment and depth on the cation exchange capacity, pHCaCl, soil organic carbon
(total carbon), total nitrogen, and the ratio of total carbon to total nitrogen for
the Marsden Farm Experiment in 2017.
Explanatory Variable df CEC pHCaCl SOC TN TC:TN
treatment 1 0.0017 0.0532 0.1855 0.1068 0.4147
depth 1 0.4457 0.0062 <0.0001 <0.0001 <0.0001































Figure 3.2 The cation exchange capacity by treatment at two different depths. Shaded





















Figure 3.3 Soil organic carbon by treatment at two different depths. Shaded areas around






















Figure 3.4 Total nitrogen by treatment at two different depths. Shaded areas around the























Figure 3.5 The ratio of soil organic carbon to total nitrogen by treatment at two different



























































] Depth: 15-30 cm
2-year 4-year
Figure 3.6 Dissolved organic carbon by treatment at two different depths. Shaded areas
































































Figure 3.7 Dissolved organic nitrogen by treatment at two different depths. Shaded areas


































































Figure 3.8 Dissolved inorganic nitrogen by treatment at two different depths. Shaded
























































Figure 3.9 Dissolved nitrate by treatment at two different depths. Shaded areas around


























































Figure 3.10 Dissolved ammonium by treatment at two different depths. Shaded areas




























































] Depth: 15-30 cm
2-year 4-year
Figure 3.11 Total dissolved nitrogen by treatment at two different depths. Shaded areas































Soil Water NO3 -N
2-year 4-year
Figure 3.12 Nitrate N in soil water at 120 cm depth. Shaded areas around the lines indicate





























Figure 3.13 pH at different dates and stages of corn development by treatment and prox-

































Figure 3.14 Dissolved organic carbon at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard






























Figure 3.15 Dissolved organic nitrogen at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard
























Figure 3.16 Dissolved inorganic nitrogen at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard





























Figure 3.17 Nitrate at different dates and stages of corn development by treatment and
































Figure 3.18 Ammonium at different dates and stages of corn development by treatment





























Figure 3.19 Total dissolved nitrogen at different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard
errors of the mean.
Table 3.2 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on the dissolved inorganic nitrogen,
dissolved organic carbon and nitrogen, pH, and total dissolved nitrogen for the
Marsden Farm Experiment in 2017.
Explanatory Variable df DIN DOC DON pH TDN
treatment 1 0.0144 0.1180 0.2879 0.0498 0.6946
proximity 2 <0.0001 0.0604 0.4657 0.1695 <0.0001
date 2 0.0261 0.0001 <0.0001 <0.0001 0.0007
treatment x proximity 2 0.5080 0.9219 0.9157 0.0388 0.0004
treatment x date 2 0.1951 0.0135 0.4224 0.5982 0.4157
proximity x date 4 0.1048 0.0609 0.1885 0.9603 0.0294
treatment x proximity x date 4 0.3702 0.7734 0.5251 0.8760 0.7191




treatment x proximity 2 0.5321
treatment x date 2 0.2022
proximity x date 4 0.0413
treatment x proximity x date 4 0.3069
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Table 3.3 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on the dissolved inorganic nitrogen,
dissolved organic carbon and nitrogen, nitrous oxides (NO3
-/NO2
-) and total
dissolved nitrogen for the Marsden Farm Experiment in 2017.
Explanatory Variable df DIN DOC DON NOX TDN
treatment 1 0.4526 0.0237 0.0178 0.9023 0.2286
depth 1 <0.0001 0.1128 0.0002 <0.0001 0.0204
date 7 <0.0001 <0.0001 0.0007 <0.0001 0.2802
treatment x depth 1 0.3694 0.3096 0.0012 0.3249 0.0667
treatment x date 7 0.5210 0.0063 0.5843 0.6238 0.4009
depth x date 7 0.0002 0.4316 0.6863 <0.0001 0.2543
treatment x depth x date 7 0.3690 0.6870 0.9705 0.3199 0.4954
Table 3.4 Probability values from the analysis of variance evaluating effects of soil treat-
ment, and date on the nitrate in soil water collected at a depth of 120 cm at the
Marsden Farm Experiment in 2017.
Explanatory Variable df Soil Water NOX
treatment 1 0.6239
date 6 <0.0001
treatment x date 6 0.0072
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dissolved organic matter on the abundance of nirK and nirS denitrifiers in spruce forest soil.
Biogeochemistry, 101(1-3):123–132.
67
Basso, B. and Ritchie, J. T. (2005). Impact of compost, manure and inorganic fertilizer on nitrate
leaching and yield for a 6-year maize–alfalfa rotation in Michigan. Agriculture, Ecosystems &
Environment, 108(4):329–341.
Beegle, D., Kelling, K., and Schmitt, M. (2008). Nitrogen from animal manures. In Nitrogen in
Agricultural Systems, pages 823–881. American Society of Agronomy, Crop Science Society of
America, Soil Science .
Bennett, A. J., Bending, G. D., Chandler, D., Hilton, S., and Mills, P. (2012). Meeting the demand
for crop production: The challenge of yield decline in crops grown in short rotations. Biological
Reviews, 87(1):52–71.
Berhongaray, G., Cotrufo, F. M., Janssens, I. A., and Ceulemans, R. (2019). Below-ground carbon
inputs contribute more than above-ground inputs to soil carbon accrual in a bioenergy poplar
plantation. Plant and Soil, 434(1-2):363–378.
Blanco-Canqui, H., Stone, L., and Stahlman, P. (2010). Soil response to long-term cropping systems
on an Argiustoll in the central Great Plains. Soil Science Society of America Journal, 74(2):602–
611.
Boody, G. and DeVore, B. (2006). Redesigning agriculture. BioScience, 56(10):839–845.
Boyle, J. J. and Shann, J. R. (1995). Biodegradation of phenol, 2, 4-DCP, 2, 4-D, and 2, 4,
5-T in field-collected rhizosphere and nonrhizosphere soils. Journal of Environmental Quality,
24(4):782–785.
Brown, K. H., Bach, E. M., Drijber, R. A., Hofmockel, K. S., Jeske, E. S., Sawyer, J. E., and
Castellano, M. J. (2014). A long-term nitrogen fertilizer gradient has little effect on soil organic
matter in a high-intensity maize production system. Global Change Biology, 20(4):1339–1350.
Bruulsema, T. and Christie, B. (1987). Nitrogen contribution to succeeding corn from alfalfa and
red clover. Agronomy Journal, 79(1):96–100.
68
Campbell, C., Biederbeck, V., Zentner, R., and Lafond, G. (1991). Effect of crop rotations and
cultural practices on soil organic matter, microbial biomass and respiration in a thin Black
Chernozem. Canadian Journal of Soil Science, 71(3):363–376.
Campbell, C., McConkey, B., Biederbeck, V., Zentner, R., Curtin, D., and Peru, M. (1998). Long-
term effects of tillage and fallow-frequency on soil quality attributes in a clay soil in semiarid
southwestern Saskatchewan. Soil and Tillage Research, 46(3-4):135–144.
Chantigny, M. H. (2003). Dissolved and water-extractable organic matter in soils: a review on the
influence of land use and management practices. Geoderma, 113(3-4):357–380.
Chapman, P., Reynolds, B., and Wheater, H. (1995). The seasonal variation in soil water acid
neutralizing capacity in peaty podzols in mid-Wales. Water, Air, and Soil Pollution, 85(3):1089–
1094.
Christou, M., Avramides, E., Roberts, J., and Jones, D. (2005). Dissolved organic nitrogen in
contrasting agricultural ecosystems. Soil Biology and Biochemistry, 37(8):1560–1563.
Coleman, N., Weed, S., and McCracken, R. (1959). Cation-exchange capacity and exchangeable
cations in Piedmont soils of North Carolina 1. Soil Science Society of America Journal, 23(2):146–
149.
Copeland, P. and Crookston, R. (1992). Crop sequence affects nutrient composition of corn and
soybean grown under high fertility. Agronomy Journal, 84(3):503–509.
Currie, W. S., Aber, J. D., McDowell, W. H., Boone, R. D., and Magill, A. H. (1996). Vertical
transport of dissolved organic C and N under long-term N amendments in pine and hardwood
forests. Biogeochemistry, 35(3):471–505.
Dakora, F. D. and Phillips, D. A. (2002). Root exudates as mediators of mineral acquisition in low-
nutrient environments. In Food Security in Nutrient-Stressed Environments: Exploiting Plants
Genetic Capabilities, pages 201–213. Springer.
69
Davis, A. S., Hill, J. D., Chase, C. A., Johanns, A. M., and Liebman, M. (2012). Increasing
cropping system diversity balances productivity, profitability and environmental health. PloS
one, 7(10):e47149.
Dick, R. P. (1992). A review: long-term effects of agricultural systems on soil biochemical and
microbial parameters. In Biotic Diversity in Agroecosystems, pages 25–36. Elsevier.
Doane, T. A. and Horwath, W. R. (2003). Spectrophotometric determination of nitrate with a
single reagent. Analytical Letters, 36(12):2713–2722.
Dominati, E., Patterson, M., and Mackay, A. (2010). A framework for classifying and quantifying
the natural capital and ecosystem services of soils. Ecological Economics, 69(9):1858–1868.
Edwards, C. and Lofty, J. (1982). Nitrogenous fertilizers and earthworm populations in agricultural
soils. Soil Biology and Biochemistry, 14(5):515–521.
Edwards, J., Wood, C., Thurlow, D., and Ruf, M. (1992). Tillage and crop rotation effects on
fertility status of a Hapludult soil. Soil Science Society of America Journal, 56(5):1577–1582.
Eghball, B. (1999). Liming effects of beef cattle feedlot manure or compost. Communications in
Soil Science and Plant Analysis, 30(19-20):2563–2570.
Egli, D. (2008). Comparison of corn and soybean yields in the United States: Historical trends and
future prospects. Agronomy Journal, 100(3):S79–S88.
Ekenler, M. and Tabatabai, M. (2002). β-glucosaminidase activity of soils: effect of cropping
systems and its relationship to nitrogen mineralization. Biology and Fertility of Soils, 36(5):367–
376.
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CHAPTER 4. BIOLOGICAL SOIL HEALTH: COMPARISON OF
CONVENTIONAL AND INTEGRATED LIVESTOCK AGRICULTURAL
SYSTEMS
4.1 Introduction
The capacity of soil to function and provide essential ecosystem services is defined as soil health
[Karlen et al. (1997)]. There are three components that contribute to overall soil health: chemical,
physical, and biological soil health [Karlen et al. (1997)]. Soil organisms largely mediate chemical,
and physical aspects of soil health, and contribute to the capacity of soil to provide vital ecosystem
services. Nutrient cycling, soil structure, hydraulic conductivity, water storage, regulation of pest
species, and chemical detoxification are all provisioning services that healthy, diverse soil biological
communities mediate [Altieri (1999), Doran and Zeiss (2000), Rillig and Mummey (2006)]. With
so many soil ecosystem services stemming from biological processes, it can be beneficial to test the
soil biota directly. Soil biota and their activity are also good soil health indicators because they are
considered amongst the most sensitive to changes in management practices [Zornoza et al. (2015),
Wolters and Schaefer (1994), Pankhurst et al. (1997)].
Before WWII, nitrogen was added to fields via inclusion of N-fixing alfalfa into crop rotations,
crops were fed to livestock, and manure was used as another important N source [Anderson et al.
(2016), MacDonald and McBride (2009)]. After WWII, the same Haber-Bosch process used for
war-time ammonia explosives became a production method for N-fertilizer [Boody and DeVore
(2006), MacDonald and McBride (2009)]. Crop rotations and organic amendments that previously
added fertility and supported soil biota [Dick (1992)], were replaced with cash grain systems that
were highly dependent on N-fertilizer for crop productivity [MacDonald and McBride (2009)]. Agri-
cultural inputs, consequentially, have changed in chemical composition, and have become highly
simplified [Boody and DeVore (2006), MacDonald and McBride (2009)]. This simplification of car-
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bon and nutrient inputs to soil has impacted soil biodiversity [Tsiafouli et al. (2015) Verbruggen
et al. (2010)], and their ability to provide soil ecosystem services like supplying nutrients, stabi-
lizing soil carbon, and maintaining soil structure [Emmerling et al. (2001), Wyland et al. (1995),
Lundquist et al. (1999), Kallenbach and Grandy (2011), Riley et al. (2008)].
Conventional Midwestern agricultural systems employ low-diversity cropping rotations, and
depend heavily on synthetic N-fertilizers and herbicides, pose environmental risks, and diminish
soil resources, resulting in economic loss to growers [MacDonald and McBride (2009), Turner et al.
(2002), Montgomery (2007), Dick (1992)]. In Central Iowa, an alternative system at the Marsden
Farm Experiment (MFE) uses modern genetics, fertilization, and technological advances that have
increased crop yields five-fold in the last century, and combines these modern agronomic advances
with elements of low-external input cropping systems implemented prior to WWII [Egli (2008)].
Management practices of these low-external input systems include extended crop rotations and
organic amendments like manure and green-manure, which help provide energy and nutrients to
soil biota that enhance soil function. While technological advances have increased historic crop
yields substantially, simplified inputs used in conventional cropping systems today do not offer
quantity and quality of organic inputs needed to support a healthy soil biota, and thus, crops
in these systems may not be realizing the full capacity of the soil to provide ecosystem services.
It may be that enhanced soil health in this alternative, economically viable [Hunt et al. (2017)]
cropping system, enables the alternative system to achieve 4% greater corn yields and 19% greater
soybean yields, despite a 91% and 86% reduction in synthetic N-fertilizer and herbicide, compared
to conventional systems [Davis et al. (2012), Hunt et al. (2017)].
This experiment and others which have incorporated varying degrees of crop diversity often
find that yields increase with increasing diversity of crops in the rotation, a phenomenon called
‘the rotation effect’ [Davis et al. (2012), Bennett et al. (2012), Hunt et al. (2017), Van Doren
et al. (1984)]. Many theories have been put forth to explain this effect including pest and weed
suppression, enhanced soil fertility, and increased biologic activity [Reeves (1994), Liebman and
Dyck (1993), Liebman and Ohno (1998), Copeland and Crookston (1992), Rusch et al. (2013),
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Edwards et al. (1992), Blanco-Canqui et al. (2010), Campbell et al. (1998), Wright and Hons (2005),
McDaniel and Grandy (2016), Acosta-Martinez et al. (2007), Ekenler and Tabatabai (2002)]. While
the phenomenon of the ‘rotation effect’ is often observed, its underlying mechanisms are not well
understood, but could be a product of enhanced soil health.
The purpose of this chapter is to use a comprehensive suite of soil biological measures to as-
sess biological soil health in a conventional and economically viable alternative cropping system
experiment that has been in place for 15 years. Measured soil biological indicators were: earth-
worm and mesofauna abundance, microbial biomass, soil microbial respiration, and five hydrolytic
enzyme activities (β-glucosidase, cellobiohydrolase, β-N-acetylglucosaminidase, acid phosphatase,
and leucine aminopeptidase). The latter seven tests were used to investigate the microbial abun-
dance and demand of C, N, and P at the rhizospheres and bulk soils of these two cropping systems.
Better mechanistic understanding of the ‘rotation effect’, and the impact that conventional crop-
ping systems have on soil life, will help inform management and policy decisions, regenerate soil
fauna, and enhance ecosystem services throughout the Midwest.
4.2 Methods
4.2.1 Site Characteristics and Experimental Layout
This study took place at the Marsden Farm experiment (MFE) in 2017. The MFE is a long-
term, Iowa State University experimental plot in Boone, IA. The latitude, longitude, and elevation
are 42◦01’ N, 93◦47’ W, and 333 m above sea level, respectively. The historical mean annual
moisture is 32.3 mm, with most rain falling (43%) during the spring and autumn (Figure 4.4) [ISU
Environmental Mesonet (2017)]. The mean annual high temperature is 15.3◦C [ISU Environmental
Mesonet (2017)]. Soils are Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludolls),
Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic Hapludolls), and Webster silty clay
loam (fine-loamy, mixed, superactive, mesic, Typic Endoaquolls) [Liebman et al. (2008), and Davis
et al. (2012)].
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Since establishment in 2002, the MFE has compared the agroecosystem performance of different
cropping systems. The two systems analyzed in this study were the following: (1) a conventional,
nitrogen fertilized, 2-year rotation of corn (Zea mays L.)-soybean (Glycine max L.), and (2) a
manure + reduced nitrogen fertilized, 4-year corn-soybean-small grain + alfalfa (Medicago sativa
L.)-alfalfa rotation. Between corn harvest and soybean planting, fall chisel plowing and spring
cultivation was applied in both systems. Shallow cultivation was used to prepare seed beds before
planting the small-grain and the first year of alfalfa. After the final year of alfalfa, before corn
planting, there was a fall moldboard plowing and spring disking and cultivation. The MFE is a
randomized complete block design experiment in which each rotation is represented in all phases,
at all times, in each of four replicated blocks. The dimensions of each plot are 18 x 85 m. More
information about the management of the MFE can be found at [Liebman et al. (2008), and Davis
et al. (2012)].
4.2.2 Soil Sampling
Monthly soil sampling took place during the corn phase of both rotations during the 2017
growing season. For each of eight sampling events between April-November 2017, five soil cores
were randomly sampled to a depth of 30 cm in each of four experimental replicates, sub-divided
into 0-15 cm and 15-30 cm depths, and each depth homogenized. Samples were placed on ice in
plastic bags, in a cooler, returned to the lab, sieved at two diameters: 0-2 mm, and 2-8 mm, and
refrigerated. Biological soil health tests performed on these samples included microbial biomass.
Three times during the growing season, a separate sampling of the interrow, row, and rhizosphere
soil took place - also referred to as ‘rhizospatial sampling’. This rhizospatial sampling used what
has been called the ‘shovel and shake’ method of collecting soils [Boyle and Shann (1995), Gomes
et al. (2003), Angst et al. (2016)]. In this method, soil samples were taken from each treatment in
the corn phase at three distances from the root, with the intention of sampling across a gradient of
corn root influence. Interrow soil was considered soil with low corn root influence, and was sampled
with a soil probe from 0-15 cm depth. Five cores from each treatment replication were homogenized
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to obtain a single representative sample of interrow soil. Four corn plants were then trimmed to
approximately 15 cm height, and unearthed with a shovel. The root-soil masses were shaken into a
sanitized tub, and fallen soil was collected and designated as soil from the row, with an intermediate
influence from the root. Next, soil that remained adhered to the root after vigorous shaking was
carefully removed by lightly pinching aggregates so that the soil was removed without shearing root
epidermal or root hairs, and this was designated as rhizosphere soil, under the greatest influence of
corn roots. After interrow, row, and rhizosphere soils were collected from four corn plants in each
treatment replication, they were each homogenized in respective plastic tubs, transferred to Ziploc
bags, and stored on ice packs in a cooler. These soil samples were collected in this manner from
both treatments in all four of the treatment replicates. Rhizospatial sampling occurred on three
dates: 6/20/17, 7/14/17, and 9/20/17. The respective developmental stages of the corn during
these dates were V9, VT, and R6 (Figure 2.2). Soils were then transported to the lab and stored
in a refrigerator for 2-4 days. Soils were sieved at 2 mm. Biological soil health parameters tested
on these soils were microbial biomass, soil enzymes, and microbial respiration. However, instead of
being refrigerated, soils for enzyme analysis were frozen at -20◦C, and soils analyzed for microbial
respiration analysis were air dried.
4.2.3 Microbial Biomass Carbon and Nitrogen
Soils sampled monthly between April and November 2017, and soils sampled at a gradient of
root influence three times throughout the growing season, were refrigerated for no more than 1
week. Next, 5 grams of soil was fumigated in 30 mL ethanol-free chloroform for 24 hours in the
absence of light at 25◦C in a desiccator jar similar to that described in Horwath and Paul (1994). A
corresponding 5 grams of the same sample was not fumigated, but left at 25◦C nearby. Fumigated
and unfumigated samples were then extracted with 25 mL of 0.5 M K2SO4, shaken for 1 hour, let
to settle for 30 minutes, and filtered through an 11 µm Whatman No. 1 filter. Sample extractions
were then stored in the freezer at -20◦C until analysis. Dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) were performed for fumigated and unfumigated samples simultaneously
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using the Shimadzu TOC-L TNM Analyzer. Upon preparation for analysis, samples were acidified
with 200 µL of phosphoric acid to remove possible carbonates. DOC and TDN were reported
as the values taken from unfumigated samples, and the DOC and TDN were also measured for
the fumigated samples. The difference between DOC for the fumigated samples and unfumigated
samples was the amount of microbial biomass carbon. Similarly, difference between TDN for
the fumigated samples and unfumigated samples was the amount of microbial biomass nitrogen.
Extraction efficiencies 0.45 and 0.54 were used for C and N calculations, respectively [Joergensen
(1996), Brookes et al. (1985)].
4.2.4 Microbial Activity (Hydrolytic Enzymes and Respiration)
Enzyme assays were performed according to Deng et al. (2011) for hydrolytic enzymes: β-
glucosidase (BGase), cellobiohydrolase (CBHase), β-N-acetylglucosaminidase (NAGase), leucine
aminopeptidase (LAPase), and acid phosphatase (PHOSase). For an assessment of soil microbial
respiration, air-dried soil samples were placed in 50 mL test tubes. Soil moisture was added at
50% water holding capacity with deionized water. After wetting, samples were capped, and gas in
the head space was immediately sampled with a syringe and injected into an infrared gas analyzer
(LI-830, LI-COR, Lincoln, NE). Soils were then aired out, incubated in a dark environment at
25◦C, and sampled at intervals between 2-8 hours, making sure CO2 did not build up in excess over
a three day period. Each time another gas sample was measured, the test tube was aired out, and
subsequently capped again. The difference in CO2 concentrations between the two sampling time
points was the soil respiration rate.
4.2.5 Earthworm and Mesofauna Abundance
Earthworms were extracted and hand sorted in October according to Lavelle et al. (1981).
Dimensions of excavations were 15 cm x 15 cm x 15 cm. After all soil was removed from the hole,
a solution of 1 M ground mustard seed was applied, to target lower-dwelling species with vertical
burrows, however no earthworms emerged with the latter addition of mustard solution. Earthworms
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found during hand sorting were collected and taken back to the lab to be weighed and identified
within 24 hours of collection to avoid weight loss. Mesofauna samples were taken in early July, and
processed with Burlese funnel apparatuses used in Hessel (2014). Cores were taken from the field,
and inserted into a nest of seven cores to a single greenhouse light. A temperature and moisture
gradient drove the mesofauna to the bottom of the soil core, where they fell into a funnel exiting
into a cup of ethanol. Samples were then stored in ethanol, and identified to order level; Acari were
arranged into biotypes.
4.2.6 Statistical Analysis
Statistical analysis was performed using linear mixed-models. For singular sampling events,
block, treatment, soil depth, and treatment x depth interactions were fixed effects, and the block x
treatment interaction was a random effect. All repeated measures included three or more dates, and
were applied to both samples taken at discrete soil depths, and at discrete rhizosphere proximities.
For response variables tested at discrete soil depths, the same linear mixed-model as shown above
was run, except date, treatment x date, depth x date, and depth x date x treatment were added
fixed effects, and an additional random effect for the treatment x depth x block interaction was
included. The model for response variables tested at different distances from the rhizosphere was
the same as that for discrete depths, except that proximity replaced depth in all factors including
depth. The R package lme4 was used to fit the model, and lmerTest was used to generate an anova
using Satterthwaite’s degrees of freedom and Type III sums of squares. The R package emmeans
was used for pairwise comparisons and p-value corrections. Significant alpha values were set at
<0.05, and marginally significant at <0.1.
4.3 Results and Discussion
4.3.1 Earthworm and Mesofauna Abundances
Earthworm populations ranged from 177.8 - 744.4 earthworms per m2 and were 70.6% greater
in the 4-year system than in the 2-year system (p<0.07; Table 4.1; Figure 4.1). Five earthworm
87
species were found at the site and included: Aporectodea tuberclada, Lumbricus terrestris, Aporec-
todea trapezoides, Aporectodea rosea, and Octolasion tyrtaeum (Table A.2). Diversity could not
be determined because a large number of earthworms were juveniles, making them unidentifiable.
Biomass of each individual worm did not differ significantly (not shown). Measured earthworm
abundances were consistent with reported observations as high as 827 worms/m2 in alfalfa fields,
compared with 129 worms/m2 found in corn-soybean rotations [Peterson and Russelle (1991)]. The
marginally significant population increase is consistent with results found in other experiments
with increasing manure and organic matter inputs [Peterson and Russelle (1991), Edwards and
Lofty (1982), Riley et al. (2008), Schon et al. (2016)]. The quality of organic matter inputs is an
important factor for the activity of earthworms. Highly nutritional residues with low C:N ratios,
like the alfalfa residues that preceded corn in the 4-year system (Figure 2.1), have shown in a
greenhouse study, to increase individual earthworm biomass and casting compared to lower quality
corn residues, which only maintained their weight [Shipitalo et al. (1988)]. In the present study,
however, the soil growing corn in the 4-year rotation presented earthworm population differences
approximately 11 months after the alfalfa was terminated in the same field with a moldboard plow.
The residual influences of the high quality residues in the 4-year rotation, and manure applications
were likely contributors to the earthworm population increases in the diversified cropping system,
despite potential disruptions from moldboard plowing. Reproductive success in at least one of the
species found in this system, could be enhanced on account of the reduction of herbicides applied
to the 4-year system [Gaupp-Berghausen et al. (2015)]. And while glyphosate has been shown to
reduce earthworm activity [Zaller et al. (2014)], one study demonstrated that crop rotations are far
more important to earthworm populations than are herbicide treatments [Tomlin et al. (1995)].
Mesofauna abundance per m2 ranged from 1048 - 2414, and was predominantly composed
of mites and collembola. There was no significant total population difference between cropping
systems (p=0.698; Table 4.1; Figure 4.2). Populations of mites or collembola were also not found
to be significantly different between the two systems. Measured mesofauna abundance was low
compared to those found in literature [Culik et al. (2002), Crossley et al. (1992), Reddy (1984)].
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Combinations of mites and collembola are typically on the order of 50,000-100,000 individuals per
m2 in annual cropping systems [Edwards (1969)]. One reason for these low observed abundances
may have been the method of extracting mesofauna – an in-tact core, instead of a composite
soil core placed on a Burlese funnel. Mesofauna are creatures between 2 mm-100 µm, and mites
and collembola might have had difficulty escaping a 15 cm, in-tact soil core that may have been
compacted during sampling. Further assessments are needed to see if more loose soil samples in
a Burlese funnel, would increase the count of mesofauna in these systems. For the purposes of
comparison, however, it is assumed that soil fauna had equal opportunity to be extracted in these
modified, in-tact core extractions. Population densities of mesofauna groups in the two systems
can be seen in the Appendix (Table A.3). Analysis is not shown here, but there were no differences
in biodiversity or community composition of mesofauna between the cropping systems. This may
have been attributed to low measured abundances. Collembola populations were low in both
systems, however mites dominated the collembola in both cropping systems by a ratio of 4:1 in the
2-year system, and 3:1 in the 4-year system. This is slightly less than the 5:1 mite to collembola
populations found in an unburned Kansas prairie [Seastedt (1984)].
Crop rotation has produced mixed results for different mesofauna populations. Osler et al.
(2008) found that rotations with greater crop diversity had more mite species richness in Alberta,
Canada. Similarly, the 4-year system at the MFE had 11 Acari morphogroups, while the 2-year
system only had 8 morphogroups present. However, Tomlin et al. (1995) found that monocultures
reduced the abundance of some soil fauna groups, and inclusion of cereal crops increased total
populations. Interestingly, in that study, Orbitada, Astigmata, Prostigmata, Mesostigmata were all
highest in continuous corn, whereas collembola were highest in either more diverse crop rotations or
continuous wheat. As with earthworms, these authors found crop rotations had greater affect on soil
microfauna populations than herbicide treatments. Other literature supports that any differences
due to disparate herbicide applications in these treatments are minimal [Griffiths et al. (2008)],
unless applied at very high rates [Rebecchi et al. (2000)]. Findings in Reddy (1984) indicated
that soil moisture was associated with greater mesofauna abundance, however, at the MFE, soil
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water content was not a major factor in mesofauna densities, as the average number of microfauna
were 7.7% less in the 4-year system than in the 2-year system, despite a 13.8% greater seasonal
gravimetric water content in the 4-year (See Chapter 2, Figure 2.3).
4.3.2 Soil Microbial Biomass Dynamics
Seasonal microbial biomass carbon (MBC) ranged from 94.9 - 685.8 mg C per kg, and had
treatment x depth, treatment x date, and depth x date interactions (Table 4.2). In the 4-year
system, MBC was 45.6% greater at 0-15 cm and 76.6% greater at 15-30 cm throughout the growing
season, than in the 2-year system, and was significantly different by treatment at all dates (p<0.01,
Figure 4.3), with the exception of late April at both depths. This indicates that microbial biomass
is more abundant at deeper soil depths in the 4-year system than in the 2-year system. Greater
MBC in systems of increased crop rotations and manure applications, and less stratification, is
consistent with previous results from this cropping experiment [King and Hofmockel (2017)], and
others [McGill et al. (1986), Kallenbach and Grandy (2011)]. The 4-year system appeared to
have the most dramatic seasonal variation, with larger peaks associated with precipitation in the
shoulder seasons (i.e. May and October), compared to the 2-year system (Figure 4.3, Figure 4.4,
Figure 2.3). MBC is known to be closely associated with soil water content [Skopp et al. (1990)],
and pH [Kallenbach and Grandy (2011), Geisseler and Scow (2014)]. Not only is soil water content
14% greater in the 4-year system, the average pH in the 2-year system is about 0.85 lower than in the
4-year system (Chapters 1 and 2). Together, these two factors could contribute to the improvement
of nutrient availability and transport for microbes [Skopp et al. (1990), Luo et al. (2013), Zhalnina
et al. (2015)], and even influence the community composition [Zhalnina et al. (2015), Drenovsky
et al. (2004)]. Support for potential community differences may include the degree of the differences
in MBC with respect to soil moisture. Diverse crop inputs and manuring, greater water content
and pH in the 4-year system may be selecting for communities that are competitive [Drenovsky
et al. (2004)], and may limit accumulation of specialized microbial species from reaching harmful
levels in systems with simple, repetitive inputs [Verbruggen et al. (2010)]. Fatty acid methyl esters
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(FAME), which can help describe the microbial community, have been performed at the University
of Nebraska-Lincoln on soils from this sampling, but analysis is not developed in this thesis.
Microbial biomass nitrogen (MBN) had treatment x date and depth x date interactions (Fig-
ure 4.2). Seasonal MBN values ranged from 8.03 - 189.11 mg N per kg, and was 79.6% greater in
the 4-year treatment than in the 2-year treatment over all depths and dates (p<0.01, Figure 4.5).
This is consistent with greater MBN found in soils receiving manure amendments [Kallenbach and
Grandy (2011)], and longer rotation [McDaniel et al. (2014), King and Hofmockel (2017)]. MBN
was most similar between systems in late April at the soil surface, and like MBC, MBN experienced
seasonal peaks, which were larger in the 4-year system in October, than in the 2-year system. The
influence of treatments on soil MBC was less pronounced than on MBN, which was also found in
[Campbell et al. (1991)]. When more of the soil N is immobilized in microbial biomass, there has
been an associated decline in soil mineral N [Partey et al. (2014)]. This was also the case in the
diversified system, which had an average DIN that was 51.5% and 21.3% lower than in the 2-year
system (Chapter 3). Reduction of mineral N in the soil profile due to immobilization can be a
benefit for its reduction as a potential water contaminant, and could contribute to the reduction
of nitrate in soil water seen in the 4-year system during spring, when rainfall and conventional
practices make nitrate most susceptible to leaching (Chapter 3).
The ratio of MBC to MBN (MBC:MBN) ranged from 4.84 - 22.84, and had treatment x depth,
treatment x date, and depth x date interactions (Table 4.2). This range was consistent with studies
analyzed in Kallenbach and Grandy (2011). Seasonal MBC:MBN in the 4-year system was 17.8%
and 6.2% lower than the 2-year system at 0-15cm and 15-30 cm, respectively. Overall treatment
significance was p<0.01, with treatment significance by date occurring on 3 of 8 dates at 0-15cm,
and at 1 of 8 dates at 15-30cm (Figure 4.6). MBC:MBN experienced a peak at both soil depths in
the 2-year system during early July, and the 4-year treatment experienced a peak in August. These
are the driest months when mineral N and other nutrients are less mobile in the soil [Randall and
Mulla (2001)], and may have limited microbial N uptake. Plant residue inputs with low C:N ratios
may increase the availability of nutrients, and can also affect MBC:MBN. Partey et al. (2014) found
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that low C:N green manures reduced MBC:MBN, except corn, which had a high C:N. However,
the decrease in the MBC:MBN may be less of a result of the C:N ratio of the input, and more of
physiological community difference resulting from the agricultural input [Kallenbach and Grandy
(2011), Perucci et al. (2000)].
Microbial biomass C and N were also assessed at a higher spatial resolution, for soils with a
gradient of root influence. MBC was greater at all root proximities in the 4-year system than in
the 2-year system (Figure 4.7). MBC was significant by proximity and date, and had a proximity x
date interaction (Table 4.3). On all dates and treatments, the rhizosphere MBC was 2.7% greater
than interrow (p<0.0001) and 7.5% greater than row soils (p<0.04). The interrow and row were
similar on all dates except 9/20/17 (p<0.05). Perhaps the most notable treatment difference was
that, in the 4-year system, the MBC in the interrow better resembled that in the rhizosphere
(28.3% difference), compared to the same soils in the 2-year system (41.4% difference). This was
also the case for MBN, where the difference between MBN in the interrow and rhizosphere differed
by only 19.2% in the 4-year system, and by 38.2% in the 2-year system. A substantial microbial
presence that is extended beyond the influence of the roots in the 4-year system indicates that
the soil microbiome in the 4-year system is less dependent on rhizodeposits for nutrients. Nutrient
sources in organic amendments from manure and from alfalfa residues may be contributing to the
more ubiquitous presence of microbial biomass in 4-year soils.
Microbial biomass nitrogen was significant by treatment, proximity, and date, and had date
x treatment and date x proximity interactions (Table 4.3, Figure 4.8). As seen above, MBN was
greater in the 4-year system than the 2-year system on all dates (p<0.04). MBN was 26.8% greater
in the rhizosphere than in the interrow for both treatments, and was marginally significant at all
dates (p<0.09). The ratio of MBC to MBN was significant by treatment and date, but was not
influenced by soil proximity to the root (Table 4.3, Figure 4.9). The MBC to MBN ratio at all
proximities and dates was greater in the 2-year system than in the 4-year system, and were highest
on 7/14/17, next highest on 6/20/17, and lowest on 9/20/17, which may express seasonal variations
in population dynamics.
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4.3.3 Microbial Activity (Hydrolytic Enzymes and Respiration)
4.3.3.1 Hydrolytic Enzymes
Like MBC and MBN, hydrolase extracellular enzyme activities for BGase, CBHase, LAPase,
NAGase, and PHOSase were tested on soils at a gradient of root influence. β-glucosidase (BGase)
activity ranged from 50.1 - 1468.7 nmol MUF released per g soil per hour, was significant by
proximity to the root and date, and had a proximity x date interaction (Table 4.4, Figure 4.10).
Seasonal and proximity average indicated that BGase was just 7% greater in the 2-year system than
in the 4-year. Over all treatments, the BGase indicated that enzyme activity in the rhizosphere
was 35% greater with moderate significance than in the interrow (p<0.09) on 6/20/17 and 7/14/17.
On 7/14/17, the BGase in the rhizosphere was also greater than that in the row (p<0.0023). The
differences between the BGase in the interrow and rhizosphere were greater (40.9%) in the 2-year
system, than in the 4-year system (27.9%). This indicates that rhizodeposits are a major source
of carbon utilized by communities in both systems. BGase trended greater in the 2-year system
than in the 4-year system at all proximities on 6/20/17 and 9/20/17. This trend was reversed
on 7/14/17, where the 4-year system had a trend of greater BGase in the interrow and row,
and nearly equivalent BGase at the rhizosphere compared to the 2-year treatment. Variation in
BGase activity could be a trait of changing communities in each of the two systems throughout the
season. β-glucosidase has generally been found to correlate with microbial biomass [Turner et al.
(2002)], and rotations [Ekenler and Tabatabai (2002), Acosta-Mart́ınez et al. (2003), McDaniel
et al. (2014)]. This is not the case when comparing between treatments, where greater BGase is
associated with a lower microbial biomass in the 2-year system. Though similar results by Böhme
et al. (2005) found a negative correlation between microbial biomass and BGase comparing mineral
and organic fertilization, it was supposed that this was largely due to legacy sources of BGase, that
had been sorbed to clay minerals and humic acids, and may not necessarily coincide with microbial
biomass [Hayano and Katami (1977), Burns (1982)]. Corresponding decrease in BGase activity
and microbial biomass for both respective treatments in this experiment, and corresponding results
93
from a previous study [King and Hofmockel (2017)], makes the microbial community differences in
resource demand and acquisition an appealing theory.
Cellobiohydrolase (CBHase) activity ranged from 1.8 - 295.1 nmol MUF released per g soil
per hour and was significant by date and had a date x treatment interaction (Table 4.4). On
average, CBHase was 18% greater in the 2-year system than in the 4-year system over all dates and
proximities to the root, but significant treatment differences only occurred early in the season, when
the 2-year treatment had significantly greater CBHase activity (45%) than did the 4-year system
(p<0.1). Trends seemed to indicate that CBHase activity was not influenced by the proximity
to the root in either system early in the season. However, in the middle of the season, CBHase
activity in the 2-year system increased on average when approaching the root, while the activity in
the 4-year system decreased with nearness to the root. Late in the season, both treatments had a
greater average CBHase activity closer to the root than in the interrow (Figure 4.11).
Leucine aminopeptidase (LAPase) ranged from 6.4 - 1246.1 nmol MC released per g soil per
hour, and was significant by date and had a treatment x date interaction (Figure 4.12, Table 4.4).
Due to high variation on both dates, there were not significant differences between any of the
proximities except at the interrow on 6/20/17, though the trend indicates a 16% greater LAPase
in the 4-year system compared to the 2-year system on 9/20/17.
β-N-acetylglucosaminidase (NAGase) ranged from 19.9 - 318.4 nmol MUF released per g soil
per hour, and was significant by treatment and proximity, and had a treatment x date interaction
(Table 4.4). On average, over all proximities and dates, the NAGase activity was 20% greater in the
2-year than the 4-year system. The only significant treatment difference occurred at the rhizosphere
on 9/20/17 (p=0.0005), where the 2-year treatment was 62.8% greater than the 4-year system. On
6/20/17 and 7/14/17, NAGase in the 4-year system had a clear trend of increasing activity in
soil close to the root, but this trend reversed on 9/20/17, where the average NAGase activity was
smaller close to the root (Figure 4.13). Presence of NAGase in the 2-year system did not have a
clear trend of root influence on 6/20/17, but had clear trends of increasing NAGase activity closer
to the rhizosphere on both 7/14/17 and 9/20/17. There seems to be more early season influence of
94
the root on LAPase activity in the 4-year system that increases through summer, and is reduced
during senescence. The NAGase activity in the 2-year system on the other hand, is not clearly
influenced by the rhizosphere early in the season, but increases near the root in mid season, and
further increases during senescence.
Evidence of the knifed N applied in mid-June can be seen as dissolved inorganic N in the interrow
of both systems throughout the season (Figure 3.16). The higher rate of inorganic N applied in
the conventional 2-year system may have instigated the microbial population to consume more
C in June, as evidenced by a greater activity of C-acquiring BGase and CBHase (Figure 4.10,
Figure 4.11). After this, DON became very high in the interrow in the 2-year system, before
dropping drastically by the end of the season. This could also explain the low N demand in the
2-year system as evidenced by low NAGase activity during early- and mid- season, before increasing
drastically in the late-season (Figure 4.13) when DON decreased drastically in the 2-year system. In
July, the simultaneous reduction in CBHase and increase of BGase as the 4-year soil approaches the
root, may indicate beneficial plant-soil interactions where abundant simple carbon rhizodeposits
seem to be sufficient for the needs of the microbial community. In the 2-year system, however,
there is a high carbon CBHase demand relative to the extant microbial biomass at each proximity,
especially at the rhizosphere.
Acid phosphatase (PHOSase) activity ranged from 121.9 - 2838.1 nmol MUF released per g soil
per hour, and was significant by date and had a treatment x date interaction (Table 4.4). This
experiment did not show a significant influence of root proximity on acid phosphatase activity, which
is inconsistent with field and lab studies, which have found that acid phosphatase concentrations
increase as soil approaches the root (and organic P decreases) [Häussling and Marschner (1989),
Tarafdar and Jungk (1987)]. On average, PHOSase activity was 53% greater on every date, at all
proximities in the 2-year system than in the 4-year system. PHOSase activity was significantly
(69.5%, p<0.05) greater at all proximities in the 2-year system than the 4-year system during
September (Figure 4.14). Phosphatase is produced when P is limiting in the soil environment
[Spiers and McGill (1979)], indicating that the 2-year system is P-limited compared to the 4-
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year system, despite P being applied as TSP at 84 kg per ha (75 lb per acre) in both systems
on 4/11/2017. What the 2-year system did not receive, however, is composted cattle manure at
approximately 58 kg P per ha, and 120 kg N per ha in November of 2016 [estimation from Davis
et al. (2012)]. Since composted cattle manure can release about 73% of P as inorganic forms, and
20% of total N in the first year, that makes approximately 42 kg P per ha, and 24 kg N per ha
available to corn in the 4-year system [Eghball et al. (2002)]. This may explain the greater N and P
demands in the 2-year system compared to the composted cattle manured 4-year system, especially
in the late-season. Systems receiving synthetic N-fertilizer have seen increases in acid phosphatase
activities compared to unfertilized systems [Ajwa et al. (1999)]. The increased rates of synthetic
N-fertilizer applied in the 2-year system may be contributing to the reduction of N limitation,
that might also be driving stoichiometric P demand. N-Fertilizer can also affect the availability of
nutrients like P, Ca, and Mg by lowering the soil pH [Edwards et al. (1992)]. This may help explain
the increased demand for P, despite there being a greater Mehlich P (orthophosphate) in 2-year
surface soils compared to 4-year soils tested in November 2017 (Figure A.6).
Increased enzyme activity, soil respiration, and microbial biomass are commonly believed to
be indicators of enhanced soil biological activity, and therefore enhanced biological soil health.
The decreased enzyme activities in more diverse crop rotations found in this study are opposing
findings of previous crop rotation studies on hydrolytic enzyme activities [Ekenler and Tabatabai
(2002), Acosta-Mart́ınez et al. (2003), McDaniel et al. (2014)], but consistent with findings from
the same experiment [King and Hofmockel (2017)]. To compliment, and potentially explain this
surprising finding of lower enzyme activities in the 4-year system, microbial activity, as respiration,
was measured in the same soils in a 3-day incubation.
4.3.3.2 Respiration
Carbon respiration ranged from 26.96 - 135.16 µg CO2-C per g soil, and there was moderately
significantly greater 3-day total CO2 respiration at all distances from the root in 2-year soils, with
most significant effects at the rhizosphere, compared to the 4-year soils (Table 4.5, Figure 4.15).
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Despite a 61% smaller MBC in the 2-year system, the respiration was 20% greater than in the
4-year system. This idea has been referred to as metabolic quotient, or the respiration rate divided
by microbial biomass, and was used frequently in soil ecology literature in the 1980-1990’s, but also
more recently [McDaniel and Grandy (2016)]. These studies confirm the idea that more diverse
cropping systems have greater soil microbial biomass, but lower basal respiration, resulting in lower
metabolic quotient [Campbell et al. (1991), Anderson and Domsch (1990), McDaniel and Grandy
(2016)]. This greater ‘efficiency’ of soil C usage may be a prognostic indicator of longer-term
increases in total soil organic C [Manzoni et al. (2012), Sinsabaugh et al. (2013)], however other
studies have criticized its use [Wardle and Ghani (1995)]). It makes sense that greater microbial
biomass, but decreased release as CO2-C, would build total soil organic C.
Further analysis of respiration on a per unit microbial biomass basis has not been performed,
but is of interest. It is possible that greater respiration in the 2-year system than the 4-year
system on all dates results from a microbial community with a faster baseline turnover. McGill
et al. (1986) found evidence that microbial communities turn over more rapidly in less-diversified
systems compared to more diversified ones. Consistently greater respiration rates in the 2-year
system may indicate that the greater DIN levels in the 2-year system favored ‘r’ strategists, which
reproduce rapidly and die out unless their abundant substrate diminishes. Slowly growing, ‘K’
strategists, by comparison, are more stable and are not as responsive to labile substrates [Lynch
(1984), Parham et al. (2003)]. The more even distribution of microbial biomass far from the root
in the 4-year system may be less dependent on labile carbon resources from the root, with greater
average DOC and GWC levels abound, and may be more resilient to periods of environmental
stress. Despite the overall smaller microbial biomass, these ‘r’ strategists, which have been found
to be favored in synthetically fertilized systems [Malỳ et al. (2009)] may enhance CO2 respiration
due to rapid turnover. Again, analysis of a metabolic quotient is needed for further investigation.
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4.4 Conclusion
Biology is at the core of soil health- only something living can be healthy. Abundant and healthy
soil biota is important for maintaining ecosystem services with far reaching impacts, contributing
to aggregate formation, lowering bulk density, increasing soil organic matter, and enhancing nutri-
ent cycling. Soil biota are sensitive to management. Current conventional systems, like the 2-year
system focus more on plant nutrition, rather than feeding soil life. Ecosystem services from soil
biota, however, are likely not realized from this ‘plant nutrition’ strategy. Here it is shown that
diversified cropping systems (with integrated livestock) deliver an economically viable alternative,
that incorporates high organic matter inputs from diverse, high quality crop rotations and ani-
mal manure, thereby promoting greater abundance of earthworms (+71%) and microbial biomass
(61%), but interestingly, having no effect on mesofauna, reducing microbial respiration (20%), and
having mixed results for hydrolytic enzyme activities. This greater abundance of soil biota, and its
community composition are likely linked to observed increases in yield (e.g. 4% for corn, and 19%
for soybean [Davis et al. (2012), Hunt et al. (2017)]), however, we cannot make direct implications
due to low sample size. Policy makers, industry, consumers, and farmers should take note of the
opportunity that promoting crop diversity and integrated livestock farms presents for increasing
soil biological health, and improving both environmental health and crop performance without
compromising economic performance of the agricultural system.
4.5 Tables and Figures
Table 4.1 Probability values from the analysis of variance evaluating effects of soil treat-
ment and depth on the earthworm and mesofauna abundance for the Marsden
Farm Experiment in 2017.
Explanatory Variable df Earthworms Mesofauana





























































































































Figure 4.3 Microbial biomass carbon by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date.



















1893 - 2017 2017 Growing Season
Figure 4.4 Red circular markers indicate the rainfall at the Ames during each month of
2017. Green violin plots are kernel density distributions of the precipitation
from 1893 - 2017, and the horizontal line in the center indicates the average
precipitation over that period. Horizontal bars on the violin plots indicate the
highest and lowest extreme observations. The grey shaded area between April






























































Figure 4.5 Microbial biomass nitrogen by treatment at two different depths. Shaded areas
around the lines indicate the standard errors of the mean for each date.
Table 4.2 Probability values from the analysis of variance evaluating effects of soil treat-
ment and depth on the microbial biomass carbon, microbial biomass nitrogen,
and the ratio of microbial biomass carbon to microbial biomass nitrogen for the
Marsden Farm Experiment in 2017.
Explanatory Variable df MBC MBN MBC:MBN
treatment 1 0.0196 0.0068 0.0036
depth 1 0.0018 0.0146 0.5030
date 7 <0.0001 <0.0001 <0.0001
treatment x depth 1 0.0618 0.5340 0.0637
treatment x date 7 0.0237 0.0213 0.0055
depth x date 7 0.0227 0.0001 0.0043


























































] Depth: 15-30 cm
2-year 4-year
Figure 4.6 Microbial biomass carbon to microbial biomass nitrogen by treatment at two
different depths. Shaded areas around the lines indicate the standard errors of

































Figure 4.7 Microbial biomass carbon at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard




































Figure 4.8 Microbial biomass nitrogen at different dates and stages of corn development
by treatment and proximity from the root. Error bars represent the standard































Figure 4.9 Ratio of microbial biomass carbon to microbial biomass nitrogen at different
dates and stages of corn development by treatment and proximity from the































Figure 4.10 β-glucosidase at different dates and stages of corn development by treatment


































Figure 4.11 Cellobiohydrolase at different dates and stages of corn development by treat-
































Figure 4.12 Leucine aminopeptidase at different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard































Figure 4.13 β-N-acetylglucosaminidase different dates and stages of corn development by
treatment and proximity from the root. Error bars represent the standard

































Figure 4.14 Acid phosphatase at different dates and stages of corn development by treat-
































Cumulative CO2 C Production (3 day)
2-year 4-year
Figure 4.15 3-day CO2 burst at different dates and stages of corn development by treat-
ment and proximity from the root. Error bars represent the standard errors
of the mean.
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Table 4.3 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on microbial biomass carbon, microbial
biomass nitrogen, and the ratio of microbial biomass carbon to microbial biomass
nitrogen for the Marsden Farm Experiment in 2017.
Explanatory Variable df MBC MBN MBC:MBN
treatment 1 0.1171 0.0392 0.0215
proximity 2 <0.0001 0.0005 0.3277
date 2 <0.0001 <0.0001 <0.0001
treatment x proximity 2 0.1766 0.4839 0.6835
treatment x date 2 0.2318 0.0596 0.8621
proximity x date 4 <0.0001 0.0093 0.9362
treatment x proximity x date 4 0.3673 0.4652 0.7217
Table 4.4 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on the beta-glucosidase, cellobiohydro-
lase, beta-N-acetylglucosaminidase, acid phosphatase, and leucine aminopepti-
dase for the Marsden Farm Experiment in 2017.
Explanatory Variable df BGase CBHase NAGase PHOSase
block 3 0.8626 0.8497 0.5367 0.7918
treatment 1 0.6217 0.5030 0.0528 0.1623
proximity 2 0.0002 0.3462 0.0034 0.1500
date 2 0.0661 0.0449 0.2082 0.0041
treatment x proximity 2 0.2814 0.5553 0.8795 0.6829
treatment x date 2 0.0914 0.0748 0.0054 <0.0001
proximity x date 4 0.2033 0.9821 0.4012 0.2100
treatment x proximity x date 4 0.9984 0.5768 0.2234 0.8290





treatment x proximity 2 0.2578
treatment x date 1 0.0461
proximity x date 2 0.5337
treatment x proximity x date 2 0.3885
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Table 4.5 Probability values from the analysis of variance evaluating effects of soil treat-
ment, date, and proximity from the root on the 3-day CO2 respiration for the
Marsden Farm Experiment in 2017.




treatment x proximity 2 0.0640
treatment x date 2 0.2954
proximity x date 4 0.0007
treatment x proximity x date 4 0.5622
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CHAPTER 5. CONCLUSION
Agriculture in the United States Corn Belt region contributes to over one third of global corn
production [Ort and Long (2014)]. This region is nearly 200 million acres, 90 million acres of which
were planted to corn, and 90 million acres to soybeans in 2017 [Green et al. (2018), United States
Department of Agriculture National Agricultural Statistics Service (2018)]. Corn and soybeans
are extensively grown in rotation on a region that accounts for 10% of the total land area of the
contiguous United States, and understanding the impact of this cropping system on soil resources
is of national and global interest.
Corn and soybean were not always the dominantly rotated crops in this region. Prior to World
War II, crop rotations included more small grains and perennial forages for livestock production.
Today, farms are more specialized, often producing either crops or livestock. Specialization and
mechanization has increased farm sizes, decreased integrated production of livestock with field
crops, and widely reduced the number of acres planted to small grains and perennial forages [Mac-
Donald and McBride (2009), Anderson et al. (2016), Hatfield et al. (2009)]. This sweeping shift in
agricultural practices has reduced soil functions (See Figure A.10), and in doing so, has negatively
impacted air and water quality [De Klein et al. (2006), Rabalais et al. (2002)].
Before the 1950s, crop rotation diversity, and livestock integration into farming systems had
been implemented for the purpose of enhancing fertility for thousands of years [Karlen et al. (1994),
Halstead (1996), Smith (1995)]. Today, these practices that once maintained soil fertility, have now
been replaced with synthetic fertilizers and pesticides that focus more on ‘plant nutrition’ rather
than soil health. Even though advancements in technology and genetics have allowed yields in
conventional systems to increase 5-fold in the last century [Egli (2008)], this has come at the cost
of healthy and robust soil functions that are not fully realized from this ‘plant nutrition’ strategy.
Other research has found that conventional systems can increase their yield potential with the
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implementation of crop rotations, a phenomenon called ‘the rotation effect’ [Stanger and Lauer
(2008), Berzsenyi et al. (2000), Davis et al. (2012), Bennett et al. (2012), Hunt et al. (2017),
Van Doren et al. (1984)]. The enhanced function in these systems may also offer opportunities
to mitigate agricultural impact on the environment [Reganold et al. (1990), Karlen et al. (1994),
Randall and Mulla (2001), Paustian et al. (2000), Davis et al. (2012), Hunt et al. (2017)].
The 15-year-old, long-term cropping experiment tested in this study comprehensively compared
the impact of both a conventional and an alternative, diversified system on soil health and function
in the US Midwest. The alternative system analyzed in this experiment incorporates the advance-
ments that have made modern cropping systems exceedingly productive, while also drawing on
inspiration from historical management practices that enhance soil functions. The conventional
system was a 2-year rotation of corn (Zea mays L.)-soybean (Glycine max L.), that received con-
ventional fertilizer applications (all synthetic), and the alternative system was a 4-year rotation
that incorporated manure + reduced nitrogen fertilizer, in a corn-soybean-small grain + alfalfa
(Medicago sativa L.)-alfalfa rotation. Management of the conventional system was representative
of most cropping systems in Iowa and throughout the Midwest. The alternative system is meant
to function as an integrated livestock system, where forage crops and grains can be used as animal
feed, and nutrients are recycled using animal manure as fertilizer. These two systems were previ-
ously determined to be economically comparable [Davis et al. (2012), Hunt et al. (2017)], making
the integrated livestock cropping system a viable alternative to a cash grain system. In these anal-
yses, it was found that crop yields in both systems were higher than average yields for the county,
but the 4-year system significantly increased yields by 5% for corn, and 19% for soybeans, while
decreasing herbicide and N-fertilizer use by 86% and 91%, respectively [Davis et al. (2012), Hunt
et al. (2017), 2017 Field Records]. It was found in both analyses that the gross returns were less
in the 4-year system than the 2-year system, but that savings in the 4-year system from reduced
petroleum and chemical inputs made these systems economically comparable.
Mechanisms of the increased performance in the 4-year rotation over the 2-year system, despite
decreases in external inputs, are not well understood. However, this research suggests that soil
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health and functionality of the 4-year system is enhanced compared to the 2-year system. To better
understand drivers of this effect, a comprehensive soil health analysis of 37 soil health parameters
was performed in the corn phase of each rotation, and included comparisons of 5 physical, 21
chemical, and 11 biological factors that contribute to overall soil health in these systems.
Results from the physical soil health analysis showed that all five physical parameters indicated
varying degrees of superior soil structure and water storage in the 4-year system than in the 2-
year system. Evidence for structural improvement in the 4-year rotation was most strong for
soil hardness, which was significantly reduced throughout the profile, by 26%. Bulk density also
decreased significantly, by nearly 10% in the 4-year system at 15-30 cm. Mean weight diameter
of water stable aggregates was the least sensitive structural indicator. It showed no significant
differences between treatments, but had a trend of a 70% greater average mean weight diameter at
15-30 cm. Compared to conventional systems, the 4-year system also showed evidence for enhanced
water storage, with a 14% greater gravimetric water content, with significance on one or multiple
root proximites or dates, and trends of 10% greater plant available water.
Results from chemical soil health tests showed improved conditions for nutrient availability and
storage in the 4-year system than in the 2-year system. With significance, cation exchange capacity
(CEC) was 16% greater, and pH was 13% greater at the surface soil in the 4-year system than the
2-year system, respectively. Increased pH in the 4-year system may have been on account of the
smaller amount of fertilizers used in the 4-year system, relative to the 2-year system. Increased
CEC could be linked to 29% greater average soil organic carbon (SOC) values in the 4-year system.
Though not significant, greater average SOC shows potential for carbon sequestration in the 4-year
system, which could help mitigate climate change. Total N storage was also 19% greater in the
4-year system than in the 2-year system, with significance. Along with greater SOC and total N,
dissolved organic C and N forms (DOC and DON), were greater and better distributed both with
depth and with respect to distance from the root in the profile in the 4-year system compared to
the 2-year system. The 4-year system had, with moderate significance, 157% greater DOC, and
significantly greater DON (196%), at deeper soil depth, than the 2-year system. Analysis showed
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that the two treatments differed greatly on the proportion of the total dissolved N (TDN) as DON.
While nitrate was a dominant form of total dissolved N in both systems, in the 4-year system, DON
was a greater contributor to TDN than in the 2-year system. This indicated that the 4-year system
depended more on microbial mineralization of N, and effectively reduced the average standing
nitrate pool by 45%, compared to the 2-year system. Significant reductions in spring nitrate (57%)
were also found in soil water sampled from lysimeters at 120 cm, suggesting that the 4-year system
reduced leaching potential during the time of greatest seasonal leaching vulnerability. This could
help mitigate nutrient losses and agricultural impact on water quality.
Perhaps on account of superior distribution of dissolved organic nutrient resources from animal
manure and higher quality alfalfa crop residues, the biological tests showed that overall, the 4-
year system supported a greater and more evenly distributed soil biota than the 2-year system.
Earthworm abundance increased significantly, by 71% in the 4-year system compared to the 2-
year system. Surprisingly, however, mesofauna abundance showed no treatment differences, but
was 7% greater in the 2-year system than the 4-year system. Average microbial biomass carbon
(MBC) and microbial biomass nitrogen (MBN) were both significantly greater in the 4-year system
than in the 2-year, by 62% and 80%, respectively. Like DOC and DON, MBC and MBN were
better distributed with depth and proximity to the root than in the 4-year system. Greater and
more evenly distributed MBC and MBN throughout the soil in the 4-year system, suggested that
the microbial biomass in the 4-year system is less dependent on root carbon sources for survival,
compared to the 2-year system. This was also reflected in β-glucosidase (BGase) distribution
patterns, where BGase activity was significantly greater (35%) at the rhizosphere than the interrow,
but the difference between BGase at the rhizosphere and interrow in the 2-year system was greater
than that in the 4-year system. This could further suggest that microorganisms in the 2-year
system are more dependent on labile C resources from roots than microbes in the 4-year system.
Acid phosphatase (PHOSase) activity was 53% greater in the 2-year system than the 4-year system,
with significance on one date, suggesting that phosphorus limitations may be greater in the 2-year
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system than in the 4-year system. With a few exceptions, most hydrolytic enzymes were greater in
the 2-year system than the 4-year system.
Greater soil CO2 respiration is a measure of microbial activity, and commonly associated with
enhanced soil health [Haney et al. (2008)]. Given the soil health results of other comparisons in
this analysis, it was expected that respiration in the 4-year system would be greater than that in
the 2-year system. Instead, it was found with moderate significance, that the 4-year soils respired
20% less than the 2-year system. A greater microbial biomass with a smaller respiration in the
4-year system may suggest that microbial communities and/or their physiology and metabolism
differ. It also begs the question as to whether CO2 respiration burst tests are an ideal indicator of
soil health [?)]. In this comprehensive biological soil health comparison of a conventional and alter-
native system, the alternative treatment has been shown to be significantly superior in biological
indicators of soil health, including microbial biomass and earthworm abundances, with the excep-
tion of CO2 respiration burst. Perhaps returning to concepts like the metabolic quotient [Hartman
and Richardson (2013)], where CO2 is expressed per unit of microbial biomass, is a better indicator
of overall soil biological health.
To summarize and compare these results, a handful of the soil health parameters contained in
this thesis were normalized at 0-30 cm soil depth (Figure 5.1). Larger normalized values (closer to
1) indicate a superior soil health value for each soil health parameter. The corresponding box and
whisker plots outside the radar chart, show the raw values and variation of soil health indicators.
The values in the radar chart were determined as follows. There were four experimental replicates
for each treatment, some were repeated measures on multiple dates. Experimental replicates were
divided by the maximum (or minimum) value of all eight treatment replicates for that date, de-
pending on whether a high or low value indicated better soil health (e.g. low values indicated better
soil health only for bulk density, hardness, and nitrate). Thus, the best value was 1 and all other
values were a fraction of 1. For repeated measures on multiple dates, each replicate was averaged
over all dates to represent the normalized value for that replicate. Eight normalized experimental
replicates resulted for each tested parameter. Four of these were for the conventional treatment,
123
and four for the alternative treatment. Means and standard errors of these are represented in the
radar chart. Normalized soil health values for most of the measured soil health indicators were
closer to 1 for the alternative system, than for the conventional system.
Even further condensing this comprehensive data set, are average normalized soil health values
across all measurements within each of the three categories of soil health - physical, chemical,
and biological (Figure 5.2). Average normalized scores show that, compared to the conventional
system, the integrated livestock system increased physical soil health by 17.7%, chemical soil health
by 22.6%, and biological soil health by 15.6%.
After 15 years of management, the diversified, integrated crop and livestock system increased
comprehensive soil health by 18.6% compared to the conventional cropping system. The 4-year
system improved nutrient cycling and storage, resource distribution, soil water content, and soil
structure, reduced potential for water quality impairment, and may show promise of carbon se-
questration. All of these soil health improvements more than likely contribute to the observed
‘rotation effect’, which has previously been reported in this experiment for both corn and soybean
yields [Davis et al. (2012), Hunt et al. (2017)]. Increased crop yields in the alternative system are
likely a product of the ability of the cropping system to simultaneously improve soil conditions
for soil biota – the ecological drivers of soil processes – and crops. In other words, the ability of
diverse, integrated crop and livestock systems to ‘feed the soil’, feeds both soil and crops better
than the conventional ‘plant nutrition’ approach, that feeds crops alone. Policy makers, food cor-
porations, land owners, and consumers are called to consider creative methods of encouraging the
reintegration of forage perennials, diverse grains, and livestock into the Corn Belt to regenerate
soil health, harness the full production capacity of the soil, and reduce agricultural environmental
































































































































































































Figure 5.1 Summary of soil health evaluation for a conventional and integrated livestock
cropping system after 15 years of management in the US Midwest. Central
radar plot compares average normalized values for 20 soil health parameters
in each cropping system at 0-30 cm. Parameters that are larger indicate a
superior soil health. The nature of some parameters are such that the inverse
is true. Asterisks indicate when this is the case, and normalized values were in-
verted. Exterior box and whisker plots indicate true values associated with the
normalized values. Horizontal lines in the center of box plots indicate treat-
ment means. Abbreviation guide: gravimetric water content (GWC), water
stable aggregates (WSA), β-glucosidase (BGase), 3-day soil carbon respiration
(CO2-3d), microbial biomass C and N (MBC and MBN), dissolved organic
carbon (DOC), dissolved organic nitrogen (DON), nitrate (NO−3 ), potassium























Figure 5.2 Average scores of parameters grouped by soil health category. Error bars rep-
resent the standard error of the normalized values. Physical indicators of soil
health are gravimetric water content (GWC), water stable aggregates (WSA),
soil hardness, and bulk density. Biological indicators are β-glucosidase (BGase),
3-day soil carbon respiration (CO2-3d), mesofauna abundance, earthworm
abundance, and microbial biomass C and N (MBC and MBN, respectively).
Chemical parameters are total carbon, dissolved organic carbon (DOC), to-
tal nitrogen, dissolved organic nitrogen (DON), nitrate (NO−3 ), potassium
(K(M3)), phosphorus (P(M3)), cation exchange capacity (CEC), and pH.
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APPENDIX A. ADDITIONAL ANALYSES




















































































































































































































































































































































































Figure A.5 K content by by treatment with depth. Error bars represent the standard


















































































Figure A.9 Zn content by treatment at two different depths. Shaded areas around the
lines indicate the standard errors of the mean for each date.
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A.2 Earthworm and Mesofauna Abundance and Identification
Table A.2 Earthworm Species density in individuals per m2 at the Marsden Farm Exper-
iment October 2017.
Identification Treatment
Genus Species 2-year 4-year
Aporectodea rosea 89 72
Aporectodea trapezoides 29 42
Aporectodea tuberculada 70 161
Lumbricus terrestris 6 17
Octolasion tyrtaeum 0 6
unidentified unidentified 165 297
Total 359 594
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Table A.3 Mesofauna density in individuals per m2 at the Marsden Farm Experiment July
7, 2017.
Identification Treatment
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